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PHOEBUS AARON THEODOR LEVENE 
1869-1940 





In the sudden death on September 6, 1940, of Phoebus Aaron 
Theodor Levene, American biochemistry lost a colleague who 
contributed beyond measure to the upbuilding of our science. 
He was one of those who in the early years of the century brought 
to America the best traditions of Europe to stimulate the sound 
development of science in this country. And in that development 
his own contributions played a brilliant part. 

He was born in Russia, and graduated at the Imperial Military 
Medical Academy at St. Petersburg. Settling in New York in 
1892, he practiced medicine until 1896, when his career was 
interrupted by tuberculosis. After recuperating at Saranac and 
Davos in Switzerland, he decided to devote his life to biochemistry. 
He therefore remained in Europe to study under the great masters 
of the day, Kossel, Drechsel, and Emil Fischer. Returning to 
America, he worked at Saranac in 1901-02 on the chemistry of 
the tubercle bacillus, and then entered the new laboratory of the 
State Pathological Institute. In 1905 Dr. Simon Flexner invited 
him to join the staff of the newly created Rockefeller Institute, 
and there he continued the extraordinary series of contributions 
to science which never slackened through all the rest of his life. 

In 1920 Dr. Levene married Anna M. Erickson of Montana. 
Their home was a welcome center for a wide circle of friends, 
scientific, artistic, and literary, who found a congenial atmosphere 
in the hospitality of their versatile and sympathetic hosts. 

Dr. Levene’s publications, largely shared by his coworkers, 
have numbered over seven hundred. The fields that he explored 
included the following: the chemistry of the nucleic acids; of pro- 
teins and amino acids; of lipids; of carbohydrates and conjugated 
carbohydrates; of glycoproteins, which included especially a study 
of the chemistry of amino sugars; an investigation of the stereo- 
chemistry of natural products, which led to extensive studies on 
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2 Phoebus Aaron Theodor Levene 
stereochemical configurations and interrelationships of a wide 
range of simpler synthetic substances; the study of the mechanism 
and nature of the Walden rearrangement; studies on the isolation 
of the vitamin B complex; and, finally, during the last few years 
of his life, the chemistry of the gums and pectins. 

To estimate his part in the advancement of science one must 
add to these fruitful studies his influence in developing young men. 
No one could work with him without being fired by his spirit, and 
a significant part of the growth of biochemistry in America is to 
be attributed to men who were trained and inspired in his labora- 
tory. And he gave to his men not only scientific leadership, but 
warm personal interest; so that all who worked with him hold his 
memory in affection. 

WALTER A. JACOBS 
Dona.p D. VAN SLYKE 


THE FERMENTATIVE DECOMPOSITION OF PURINES 
BY CLOSTRIDIUM ACIDI-URICI AND CLOSTRIDIUM 
CYLINDROSPORUM 


By H. A. BARKER anp J. V. BECK 


(From the Division of Plant Nutrition of the College of Agriculture, University 
of California, Berkeley) 


(Received for publication, June 24, 1941) 


Clostridium acidi-urici is an anaerobic soil bacterium which grows 
readily in media containing salts of uric acid or certain other 
purines but which has little or no ability to decompose other types 
of organic compounds (Barker and Beck). The organism has also 
been shown to convert carbon dioxide into acetic acid (Barker, 
Ruben, and Beck, 1940). The present paper is concerned with the 
action of cell suspensions and growing cultures of Clostridium acidi- 
urict upon purines and other nitrogenous compounds. More 
specifically, we have determined the compounds attacked by this 
organism, the kinds and quantities of products formed, and the 
influence of various factors upon the kineties of the reactions. 


Methods 

The organisms used were two strains of Clostridium acidi-urici 
(Strains 5a, 9a) and one of Clostridium cylindrosporum (Strain 
HCl). The general characteristics of these strains are described 
elsewhere (Barker and Beck). 

For growth experiments a medium of the following composition 
was used: distilled water, substrate 0.1 to 0.3 per cent, yeast autoly- 
sate 0.5 volume per cent, KeHPO, 0.03 per cent, MgSO,-7H,O 
0.005 per cent, CaSO, 0.25 volume per cent of a saturated solution, 
FeSO,-7H,O 0.0002 per cent, phenol red indicator 0.1 volume per 
cent, NaS -9H.O 0.01 per cent, and NaOH to pH 7.4 to 7.6. Both 
semisolid (0.1 per cent) agar and liquid media were used. Semisolid 
media were generally incubated in test-tubes without anaerobic 
seals, while liquid media were placed in completely filled glass- 
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stoppered bottles or in flasks filled to the neck and protected from 
oxygen by means of alkaline pyrogallol. All media were inocu- 
lated soon after being autoclaved and were incubated at 35°. 
Growth generally occurred, if at all, within 24 hours. 

The organisms for cell suspension experiments were grown in a 
liquid medium similar to that described above with 0.25 per cent 
uric acid as the substrate and with 1.0 to 2.5 volumes per cent of 
yeast autolysate. 500 to 1000 ec. cultures protected from oxygen 
were heavily inoculated (1 to 10 volume per cent) and incubated 
for 12 to 16 hours at 35°. After this period of incubation growth is 
abundant and yet the bacteria are actively motile and usually still 
free of spores. Bacteria that have become immotile as a result of 
longer incubation are much less active. The cells were centrifuged 
and washed once with m/15 phosphate buffer solution, pH 7.1. 
Just before use this solution was boiled free of oxygen and 3 ce. 
of a 1 per cent NaeS-9H.O solution were added per 100 cc. The 
bacteria were resuspended in the same buffer, care being taken to 
minimize their exposure to oxygen. The final volume was 1.5 
to 2.0 per cent of the original culture. Such suspensions usually 
contain 0.6 to 1.6 mg. of cell nitrogen per ec. (4.5 to 12.0 mg. of 
dry weight of cells per ce.). When not used immediately, they 
were stored in a refrigerator (5°) in vacuo. Stored suspensions re- 
tain almost their full urate-decomposing activity for at least 24 
hours; after 3 days about one-third of the activity is lost. 

Compounds Decompesed--Previous experiments (Barker and 
Beck) have shown that Clostridium acidi-urici grows vigorously 
in media containing urie acid but develops poorly or not at all in 
media containing complex nitrogenous materials such as tryptone 
or yeast extract in the absence of added purines. These observa- 
tions indicate that the ability of the organism to attack nitrogenous 
compounds is very restricted. In order to determine just how 
great this specificity is and to obtain information bearing upon the 
mechanism of purine decomposition a survey was made of the 
ability of Clostridium acidi-urici to attack a large number of nitrog- 
enous and a few non-nitrogenous compounds. 

The tests were mostly carried out by incubating | ec. of a buf- 
fered (pH 7.6) cell suspension with 1 ec. of solutions of the test 
compounds for several hours in vacuo at 37°. Thunberg tubes were 
used as experimental vessels. Decomposition was judged by the 
formation of ammonia, which was estimated by titration { ilow- 
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ing distillation from a solution made alkaline with sodium borate. 
The behavior of the organisms towards the non-nitrogenous sub- 
strates was determined by testing for carbon dioxide production 
by means of Warburg’s manometric apparatus. 

All data on ammonia production are corrected for a blank with- 
out substrate. The activity of the cell suspensions was always 
checked by adding urate to one tube. With compounds that 
yielded no ammonia, the possibility that the negative result was 
due to toxicity was always tested by a separate experiment in 
which urate was mixed in equal amounts with the substrate in 


TABLE | 
Action of Cell Suspensions of Strain 9a on Purine Derivatives 


Per cent 





Substrate Quantity | Pan wnt a nm 
mq. hrs. 
Urie aeid. 4.00 2 91 
Xanthine 1.28 11 98 
Guanine 1.15 12 82 
Hypoxanthine 2.00 14 96 
Adenine...... 3.00 29 13 
Adenosine. 5.00 6 10 
Guanosine 5.00 6 13 
Adenylic acid 2.10 2 0* 
Yeast nucleic acid 5.00 6 0* 


* Strain 5a converted 13 and 7 per cent of the nitrogen of adenylic acid 
and yeast nucleic acid, respectively, into ammonia in 18 hours. 


question. None of the compounds studied appeared to be toxic 
in the concentrations used. Some compounds, because of their 
low solubilities, were used as saturated solutions containing an 
excess of the solid phase. 

Table I illustrates the action of Strain 9a upon a number of 
purines and their derivatives. Similar results were obtained with 
Strain 5a or HCl or both, except as the contrary is indicated. In 
addition to the compounds listed in Table I, the following sub- 
stances were tested and found not to be attacked (as judged by 
ammonia or carbon dioxide production) by any of the previously 
mentioned strains: purine,! urea, allantoin, uracil, caffeine, theo- 


! The authors are greatly indebted to Dr. H. A. Krebs for providing a 
small sample of this compound, synthesized by E. Fischer. 
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bromine, parabanic acid, uramil, diethylbarbituric acid, isodialuric 
acid, urethane of 4,5-diaminouracil, theophylline, alloxan, allo- 
xantine, hydantoin, creatine, imidazole, arginine, guanidine, 
glucose, pyruvic acid, glycolic acid, and three amino acid mixtures 
containing (1) leucine, lysine, aspartic acid, alanine, valine, and 
proline, (2) arginine, histidine, and cysteine, and (3) hydroxy- 
proline, tyrosine, and glycine. These results apply when the sub- 
strates are supplied alone or are mixed with urate, with the ex- 
ception that glycine is decomposed in the presence but not in the 
absence of urate. The behavior of glycine will be discussed below 
in some detail. 

On the basis of the above results the compounds tested may be 
divided into three groups. The first group includes those com- 
pounds that are fairly rapidly and completely decomposed; namely, 
uric acid, xanthine, guanine, and hypoxanthine. The second 
group contains substances that are more slowly attacked by one 
or more strains and that yield only a small part of their nitrogen 
as ammonia; namely, adenine, adenosine, guanosine, adenylic 
acid, and yeast nucleic acid (Eastman Kodak Company). The 
third group includes all the remaining compounds which yield 
neither ammonia nor carbon dioxide and therefore presumably are 
not decomposed. 

An inspection of these groups indicates the great specificity of 
Clostridium acidi-urici. The only compounds readily decomposed 
are free purines containing at least 1 oxygen atom. Adenine and 
purine were the only available purines lacking oxygen. The former 
is decomposed very slowly and incompletely, probably only the 
amino nitrogen atom being split off, while the latter is not attacked 
at all. Substitution of the hydrogens attached to nitrogen by 
methyl groups (caffeine, theophylline, theobromine) or by ribose 
(guanosine) greatly increases the stability of the resulting com- 
pound. ‘The inability of the organism to act upon urea or allan- 
toin, either in the presence or absence of urate, is of special interest, 
since these compounds are thereby eliminated from consideration 
as intermediates in the breakdown of purines. In this connection 
it may be recalled that in the aerobic decomposition of uric acid 
by bacteria (Liebert, 1909; Krebs and Eggleston, 1939) as well as 
by higher organisms (Fosse and Brunel, 1933; Brunel, 1937), 
allantoin has been shown to be an intermediate and urea is a normal 


end-product. 
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Previously described experiments (Barker and Beck) have shown 
that only those compounds that are rapidly decomposed by cell 
suspensions are suitable as substrates for growth. 

Glycine Decomposition—It has already been mentioned that 
glycine is distinguished from all other compounds examined by 
being attacked only when urate is simultaneously decomposed. 
In order to clarify the interrelation between these two processes, 
a study was made of glycine decomposition as a function of the 
ratio of glycine to uric acid. 
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Uric Acid Decomposed A 
Glycine Added B 


Fic. 1. The influence of urate and glycine supply upon the decomposi- 
tion of glycine. Each unit represents 0.1 mg. of nitrogen. Curve A, total 
glycine nitrogen = 0.455 mg.; Curve B, total uric acid nitrogen = 0.875 mg. 
The total volume of solution in both experiments was 2.7 cc. 


Curve A of Fig. 1 gives the results of an experiment in which the 
quantity of glycine was kept constant while the urate was varied. 
The period of incubation was sufficiently long (3.5 hours at 
37°) to insure complete decomposition of the urate by the cell 
suspension. 0.455 mg. of glycine nitrogen was initially present 
in a total volume of 2.7 cc. The amount of glycine decomposed 
was calculated by subtracting the urate nitrogen X 0.96 from the 
total ammonia nitrogen formed. The factor 0.96 represents the 
recovery of urate nitrogen as ammonia in control experiments. 

Curve A (Fig. 1) shows that in the absence of added urate only 
very little glycine is decomposed. The small ammonia production 
from glycine alone is actually greater in this experiment than in 
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other similar experiments, owing possibly to the presence of some 
urate in the cell suspension. The addition of a little urate causes 
an almost linear increase in glycine decomposition, while with 
larger additions the increase is relatively smaller. At a urate 
nitrogen-glycine nitrogen ratio of about 2:1 somewhat less than 
60 per cent of the glycine is converted to ammonia. However, 
the curve of glycine decomposition as a function of available urate 
is still rising at this point, so that with an even greater ratio of urate 
to glycine the latter might well be completely decomposed. This 
possibility is supported by the data presented in Curve B. 

Curve B of Fig. 1 gives the results of a similar experiment in 
which the glycine concentration was varied while the urate was 
kept constant at 0.875 mg. of N per 2.7 ec. Small amounts of 
glycine are almost completely decomposed, while with larger 
amounts the curve rapidly approaches an upper limit corresponding 
to about 1.5 moles of glycine per mole of urate. 

The results of the two experiments may be summarized by saying 
that an increase in the available urate when the glycine is held 
constant increases both the percentage and the absolute quantity 
of glycine decomposed, while an increase in the concentration of 
glycine while the urate is kept constant increases the absolute 
quantity but decreases the percentage of glycine decomposed. 

The dependence of glycine decomposition on the concentrations 
of both glycine and uric acid definitely indicates that a reaction 
occurs between glycine and urate or some product of urate break- 
down. The exact nature of this reaction has not yet been estab- 
lished, though in view of the fact that glycine is activated by 
Clostridium acidi-urict as a hydrogen donor (see below), it is 
probable that glycine is oxidized, while urate or its products are 
reduced. 

Glycine is similarly decomposed by Strain 9a in the presence of 
either xanthine or guanine, and by Strain HCl in the presence of 
urate. 

Products of Purine Decomposition—The principal products 
(other than cell material) of the decompositions of uric acid, gua- 
nine, xanthine, and hypoxanthine by growing cultures and cell 
suspensions of Clostridium acidi-urici are ammonia, carbon dioxide, 
and acetic acid. The last was identified in the volatile acid frac- 
tion by the characteristic form of the crystals of sodium uranyl! 
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acetate and was shown to be free of other volatile acids by Duclaux 
distillation. No neutral volatile products could be detected. 

No attempt has been made to identify the products, other than 
ammonia, derived from the more slowly decomposed compounds of 
the second group (see above). 

Quantitative data on the fermentation products of uric acid, 
guanine, xanthine, and hypoxanthine by cell suspensions are given 
in Table II. The experiments were carried out by incubating 50 
mg. of substrate with 6 ce. of a buffered cell suspension at 37° in 
vacuo. At the end of the incubation period carbon dioxide was) 
determined by the Van Slyke manometric method. pore, 


TABLE I] 


Fermentation Products of Uric Acid, Guanine, Xanthine, and Hypoxanthine 
Formed by Cell Suspensions 

















| | Products per 100 moles Per cent 
Strain | Period | substrate decom recovery 
Substrate (50 mg.) No. J mw ——-| ——__—_— 
vation | ) Ion 
: | ©O: |CH:COOH| NH: | [bat 
a | hee. | moles 3 moles | moles | 4 
Uric acid. | 9a 12 | 340 72 | 397 96 99 
o Pae .| HCl 12 | 300 71 | 380 | 88 | 9% 
Guanine. ... 9a 18 | 207; 98 | 500 | 99 | 100 
“ | 5a 44 | 208/ 94 | 500 | 97 | 100 
Xanthine 92 | 29 | 264) 101 | 411 | 93 | 103 
Hypoxanthine 19a | 36 | 199| 127 | 370 | 91 | 92.5 
” | Ba 17 | | 380 | (79) | 95 


(161) 118 


The values in parentheses are less reliable in view of possible errors in 
CO, determination. 
and acetic acid were estimated by titration following steam dis- 
tillation. All quantities are corrected for the products formed in a 
simultaneously incubated cell suspension without added substrate. 
The carbon and nitroger -ecoveries are calculated on the assump- 
tion that the substrate was completely decomposed during the 
Quanuitative determinations showed this as- 
sumption to be correct for uric acid. For other purines suitable 
quantitative methods were not readily available. However, the 
high recoveries of nitrogen as ammonia indicate that decomposition 
was substantially completed except in the case of hypoxanthine 
which is much more slowly attacked than the other substrates. 


incubation period. 
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The data of Table II can be most easily evaluated by comparing 
the observed yields of products with the yields that would be ob- 
tained by a complete conversion of the various purines into am- 
monia, carbon dioxide, and acetic acid, according to the following 


equations. 
C;N,H,O; + 5.5H.O — 4NH; + 3.5CO, + 0.75CH,;,COOH (1) 
Urie acid 
C;N,H,O, + 6H.O — 4NH,; + 3CO, + 1CH,COOH (2) 
Xanthine 
CsN;H;O + 7H.O -— 5NH; + 3CO, + 1CH;COOIHI (3) 
Guanine 
C;N,H,O + 6.5H.0 — 4NH,; + 2.5CO, + 1.25CH,COOH (4) 
Hypoxanthine 


Such a comparison shows that the fermentations of uric acid, 
xanthine, and guanine by Strains 9a or 5a are rather closely de- 
scribed by Equations 1, 2, and 3, respectively. However, in the 
decompositions of uric acid by Strain HCl and of hypoxanthine 
by Strains 9a and 5a there are significant deviations from the equa- 
tions; both the carbon and nitrogen recoveries are low. It will 
be shown later that in the uric acid decomposition by Strain HC] 
the discrepancy is due to the formation of an organic nitrogenous 
product which was not recognized at the time these experiments 
were carried out. The low recoveries of carbon and nitrogen from 
hypoxanthine are probably due to a different cause; namely, the 
incomplete utilization of the substrate. The possibility is, how- 
ever, not altogether excluded that other unidentified products are 
formed in this case also. But in spite of some evident discrepancies 
it may be said that all four purines are fermented by cell suspen- 
sions at least approximately in accordance with the above equa- 
tions. 

When the growing culture technique was used, very similar 
results were obtained (Table III). Here again the most significant 
deviations from the equations occurred in the fermentation of 
hypoxanthine by Strain 9a and of uric acid by Strain HCl. The 
probable explanations are the same. 

Glycine Formation from Urie Acid by Strain HCl—It has been 
shown in Tables IT and III that uric acid is almost completely con- 
verted into ammonia, carbon dioxide, and acetic acid by Strains 
9a and 5a, while with Strain HC] the recoveries of nitrogen and car- 
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bon in the form of these same products are always low. Since the 
missing nitrogen and carbon might well be present in one or more 
compounds whose identification would throw light upon the mech- 
anism of the breakdown of uric acid, the study of such compounds 
appeared to be of special interest. Because of the great ease with 
which nitrogen may be estimated, attention was given primarily 
to the isolation of a compound containing this element. 

To obtain a considerable quantity of the unidentified nitrog- 
enous compound, 5 liters of the usual growth medium, containing 
(0.3 per cent uric acid and 0.2 volume per cent of yeast autolysate 


TaBLeE III 

Fermentation Products of Uric Acid, Guanine, Xanthine, and Hypoxanthine 
Formed by Growing Cultures 

All cultures were incubated at 35° until visible development ceased. 





| Products per 100 moles 


| 
substrate decom posed Per cent recovery 


Substrate _~ | fer ie. AS a 
| ©O: |CH:COOH) NHs | Carbon | Nitro- 
9 ee i ees ee 
Urie acid... 9a* 348 | 67 398 97 | 99.5 
“ " é 5a 342 | 60 380 | 92 95 
> #, Sl | 35 | 63 384 | 96.5 | 96 
oe HCl* | 331 | 53 | 351 | 87 | 88 
Guanine 9a* 275 | 112 490 | 99 | 98 
7 ‘ 5a 305 104 500 104 ~—|s«2100 
Xanthine 9a* 273 106 374 97 95 
Hypoxanthine 9a* 199 105 329 82 82 


* Averages of two or more experiments. 


were inoculated with Strain HCl and incubated for 6 days. It 
should be noted that the minimum concentration of yeast autol- 
ysate which would allow good growth was used so that the 
nitrogenous constituents of the yeast would interfere as little as 
possible with the isolation of the nitrogenous product of uric 
acid decomposition. Probably because of the low concentration 
of yeast autolysate, the uric acid was not completely fermented 
in this experiment, about one-fourth of the initial amount remain- 
ing at the end of the incubation period. 

As in previous experiments with Strain HC] ammonia accounted 
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for only part (94.4 per cent) of the fermented uric acid. Although 
the remaining nitrogen was not as much as had been expected on 
the basis of earlier results with growing cultures (Table IT1), there 
still remained some hope of identifying this fraction, since it con- 
tained almost 3 times as much nitrogen as the added yeast autol- 
ysate. 

In order to facilitate the isolation and identification of the un- 
known nitrogen compound, ammonia and residual urate were re- 
moved from the fermented medium, the former by vacuum dis- 
tillation at 55-60° in the presence of a slight excess of Ba(OH),. 
(barium phosphates and carbonates were first filtered off), the 
latter by subsequent precipitation with AgsSO, at pH 4. The 
urate- and ammonia-free solution contained a total of 288 mg. of 
nitrogen. 

The nature of the nitrogen compounds in this solution was in- 
vestigated by making a number of qualitative tests. It at once 
became apparent that the solution contained urea, which was 
identified by the formation of xanthydrol urea and by the libera- 
tion of ammonia in the presence of urease. A quantitative estima- 
tion of urea by the urease method showed that 41 mg. of urea 
nitrogen were present. 

There were two possibilities as to the origin of this urea. It might 
be a product of fermentation or it might have been formed during 
removal of ammonia by the action of alkali upon the residual uric 
acid. The latter alternative seemed the more probable, since uric 
acid is known to liberate urea slowly under the conditions used. 
In a second, similar experiment only exceedingly little urea was 
obtained when care was taken to remove ammonia under condi- 
tions precluding the decomposition of uric acid (distillation 7 
vacuo at 20°). It seems safe to conclude that urea is not a product 
of biological action. 

Besides urea, the urate- and ammonia-free solution also contained 
219 mg. of amino acid nitrogen. The latter was estimated by the 
Van Slyke nitrous acid method with a reaction time of 4 minutes 
at 25°. By using longer reaction times the nitrogen liberated was 
progressively increased, until after 2 hours it became approximately 
equal to the total nitrogen of the solution. This result indicated 
the presence of compounds with amino groups in other than the 
a position. Such slowly reacting amino groups are present in 
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urea as well as in certain nitrogen compounds of the yeast autoly- 
sate. Since the quantity of slowly reacting amino nitrogen not 
attributable to urea was small (33 mg.) and since it was certainly 
derived largely if not entirely from the yeast autolysate, this frac- 
tion was not further investigated. 

The nitrogen compound of greatest interest was clearly that 
possessing the rapidly reacting a-amino group, which made up 
roughly 72 per cent of the total nitrogen. Various lines of evi- 
dence which need not be detailed here indicated that this compound 
might be glycine. Attempts to demonstrate and estimate glycine 
directly by means of the specific potassium trioxalatochromiate 
reagent (Bergmann and Fox, 1935) were unsuccessful, possibly 
because of the small amount of the nitrogen compound at our 
disposal. But eventually we succeeded in separating a crystalline 
amino compound having the general properties of glycine by mak- 
ing use of the solubility of its hydrochloride in 95 per cent ethanol. 
After the ethanol was distilled off and the crystalline residue dis- 
solved in water, the remaining inorganic ions were largely removed 
with AgSO, and Ba(OH)». The solution was then concentrated to 
asmall volume and 10 volumes of absolute ethanol were added with 
the result that a crystalline precipitate formed. This was washed 
with absolute aleohol and dried in vacuo, The nitrogen content 
of the crystalline material was 41 per cent of the total nitrogen of 
the original solution. 

The crystals were analyzed for total nitrogen by the micro- 
Kjeldahl method, for amino nitrogen by the Van Slyke nitrous 
acid method, for total carbon by the wet combustion method of 
Van Slyke, Page, and Kirk (1933), and for carboxyl carbon by the 
ninhydrin method of Van Slyke and Dillon (1937). The results 
are given in Table IV which includes comparable data for glycine. 

The analytical data clearly indicate that the crystalline material 
is mainly glycine, probably contaminated with small amounts of 
other amino acids. These impurities could doubtless have been 
removed by further recrystallizations but this was not attempted 
because of the small amount of material available. 

The identification of glycine was further confirmed by observa- 
tions on the optical properties of the crystals, by the characteristic 
appearance of the copper salt (Cunningham, MacIntyre, and Kirk, 
1936), by benzoylation to give hippuric acid with a melting point of 
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186° (uncorrected), and by a specific biological method involving 
the use of an anaerobic bacterium? capable of fermenting glycine. 

Glycine having been identified as a product of uric acid decom- 
position, the next problem was to estimate the quantity of this 
compound. To this end the trioxalatochromiate method was 
tried but in our hands it did not give satisfactory results. So for 
want of a more specific method the quantity of glycine was cal- 
culated from amino acid nitrogen determinations on the assump- 
tion that it was the only amino acid formed. In the experiment 
under consideration the 219 mg. of amino nitrogen (4 minutes re- 
action time at 25°) present in the fermented medium were corrected 
for the initial amino nitrogen of the yeast autolysate (26 mg.), for 


TaBLe 1V 
Analyses on Nitrogenous Product of Uric Acid Fermentation 


The results are expressed as per cent of dry weight, on an ash-free basis. 


Analysis Unknown Glycine 
Total N 18.1 18.7 
NH,-N 18.7 18.7 
COOH-C 15.1 16.0 
Total C 31.8 32.0 


urea nitrogen (4 mg.), and for the high results (105 per cent) al- 
ways obtained for glycine by the usual nitrous acid method. The 
final calculated value was 180 mg. of glycine nitrogen or 964 mg. 
of glycine. This is equivalent to 4.9 per cent of the nitrogen of the 
uric acid fermented. Since in this experiment ammonia accounted 
for 94.4 per cent of the substrate nitrogen, the total nitrogen re- 
covery was 99.3 per cent. This figure does not include the nitro- 
gen in the bacterial cells, which has been shown to represent 0.5 
to 1 per cent of the substrate nitrogen. 

In a second large scale growth experiment with Strain HCI, dur- 
ing which 23 gm. of uric acid were fermented, 94.2 per cent of the 
nitrogen was recovered as ammonia and 3.1 per cent as glycine 
when the method of glycine estimation described above was used. 

Glycine is also formed by the action of cell suspensions of Strain 


2 A study of this organism will be published later. We are indebted to 
Mr. B. C. Cardon for carrying out the biological test. 
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HCl on urate and xanthine. In one experiment with urate the 
yield of glycine nitrogen (4.7 per cent) was almost the same as was 
previously obtained with growing cultures. With xanthine the 
yield of amino nitrogen (1.5 to 2 per cent) was smaller, but still 
significant. In contrast to these results with Strain HCl, cell 
suspensions of Strain 9a produced no detectable amino nitrogen 
from urate. This was of course to be expected on the basis of the 
high recoveries of ammonia already reported. 

Experiments on Rates of Purine Fermentations. Application of 
Manometric Technique—In studying the rates of purine fermenta- 
tions, we found the Warburg manometric technique generally satis- 
factory. For most experiments 14 to 15 cc. single arm vessels 
were used and in each was placed 0.2 to 0.5 ec. (the smaller volume 
is usually better) of a cell suspension prepared as previously de- 
scribed, 0.2 ce. of 0.5 M phosphate or bicarbonate buffer (depending 
upon the type of experiment), 0.2 to 0.8 ce. of M/70 to 0.1 Mm 
substrate solution, and boiled water to give a total volume of 2.0 
cc. The gas phase consisted of oxygen-free Ne or Hy. Consider- 
able care must be taken to remove oxygen completely, for the 
cells are soon inactivated by this gas; however, this effect is evi- 
dently reversible over short periods of time, since brief contact 
with oxygen while the manometers are being set up appears to have 
no deleterious effect on the later activity of cell suspensions. Uric 
acid was used in the form of the lithium salt because of its greater 
solubility. Other purines were dissolved in weak NaOH and were 
neutralized just before use to give supersaturated solutions or finely 
divided precipitates. All experiments were carried out at 37.1°. 

To observe the rate of urate fermentation by the manometric 
technique two methods were employed. One requires the use of a 
bicarbonate buffer and a gas phase containing 5 per cent or more 
carbon dioxide and involves measurements of carbon dioxide up- 
take resulting from the excess alkali produced in urate decomposi- 
tion. This is the reverse of the usual method of measuring acid 
production. The second method, which is simpler, more sensitive, 
and more generally applicable, involves the measurement of carbon 
dioxide production in vessels containing a phosphate buffer and an 
Ne atmosphere. 

The first method is mentioned chiefly because of a curious phe- 
nomenon which can be easily observed only with this technique. 
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This phenomenon is illustrated in Fig. 2. It can be seen that the 
pressure change due to the cell suspension alone is negligible but 
that as soon as urate is added carbon dioxide begins to be absorbed 
at a rate which increases for a time and then declines rapidly as the 
substrate is exhausted. The point of special interest is that the 
pressure change does not immediately drop to zero but first changes 
sign, indicating the evolution of gas. The more urate is fermented 
the greater is the magnitude and duration of this effect. 

Now the evolution of gas in the experiment under consideration 
must be due to an increase in the acidity of the medium and a 
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Fic. 2. Manometric changes accompanying the decomposition of uric 
acid by Strain 9a in a bicarbonate-carbon dioxide buffer system. Quan- 
tities of 0.02 mM urate per vessel are as follows: O 0.3 cc., @ 0.5cc., @ 0.7 cc. 
Each vessel contains 0.4 cc. of cell suspension. 


consequent formation of carbon dioxide from bicarbonate. The 
production of carbon dioxide alone, unaccompanied by an increased 
acidity, could not cause the observed positive pressure change, 
since the system is buffered with respect to this gas. The only 
other possible explanation for the effect is the formation of an 
insoluble gas like Hy or Ne. That this does not occur was proved 
by special experiments in which the bicarbonate was replaced by a 
phosphate buffer and NaOH was placed in the central well. Under 
these conditions no net pressure change was observed. 

To explain the increase in acidity it seemed important to learn 
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whether this change occurs before or after the ammonia is all 
liberated. This point was studied by determining ammonia at 
various times during a manometric experiment in which the 
pressure changes were simultaneously followed. The results show 
that ammonia production stopped almost exactly at the moment 
when the pressure readings changed sign. 

A further significant fact is that the magnitude of the positive 
pressure change is highly dependent upon the quantity of bacteria 
used; the fewer the bacteria, the smaller isthe effect. Indeed, with 
().1 ec. of cell suspension per manometer vessel, the effect is scarcely 
observable; only with 0.3 to 0.5 ec. of cell suspension is it con- 
spicuous. 

All of the above observations can be most readily explained by 
assuming that the bacteria are much more permeable to ammonia 
than to acetic acid under the existing conditions. According to 
this view the ammonia formed from the decomposition of uric 
acid in the interior of the cells escapes to the surrounding medium 
more rapidly than does the acetic acid, leaving the cell contents 
relatively more acid and the medium more alkaline. The sub- 
sequent release of acetic acid results in a decline in the alkalinity 
of the medium, which in turn liberates carbon dioxide and causes 
the sign of the pressure reading to change from negative to positive. 

Fig. 2 also shows that the rate of urate fermentation is largely 
independent of urate concentration over a considerable range. 
The slight apparent differences in rate in the descending parts of 
the curves are due to the fact that the substrate was not mixed 
with the cells in all vessels at exactly the same time. 

Influence of pH —Experiments dealing with the influence of pH 
on the rate of urate decomposition by cell suspensions were carried 
out by using 0.2 cc. of 0.5 m phosphate buffer and 0.6 ec. of 0.02 
w lithium urate per vessel. Since the fraction of the total carbon 
dioxide entering the gas phase from a buffered solution is a function 
of pH, the rate of pressure change cannot be taken as a direct 
measure of the rate of decomposition. The results givenin Fig. 3 
are consequently calculated from the reciprocals of the times re- 
quired for complete decomposition of a given amount of urate. 
The rate is expressed in c.mm. of NH; per hour per mg. of dry 
weight of bacteria (=Qwny,). 1 mole of NH; is equivalent to 22.4 
xX 10° e.mm. 








18 Bacterial Decomposition of Purines 


It can be seen (Fig. 3) that the maximal rate of fermentation 
occurs at about pH 7.3 and falls off rapidly on either side of this 
maximum. Below pH 6.4, where the buffer capacity of the phos- 
phate is relatively low, the pH will be increased appreciably by the 
alkaline products of urate decomposition. Consequently the aver- 
age pH during decomposition will be higher than the initial pH 
which has been used to plot the experimental data. Unfortunately, 
the final reaction was not determined. ‘The solid curve in Fig. 3, 
which was drawn to allow for this shift of pH, probably gives a 
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Fic. 3. Influence of pH on the rate (e.mm. of NH; per hour per mg. of 
dry weight of bacteria) of urate decomposition. The variously shaded 
circles represent data of independent experiments. 


truer picture of the rate-pH relation than do the experimental 
points. 

The absolute rate of urate decomposition at the optimal pH is 
very high, being comparable to the rates of serine and aspartic 
acid deamination catalyzed by Bacterium coli (Gale and Stephen- 
son, 1938). 

Influence of Carbon Dioxide—Previous experiments (Barker, 
Ruben, and Beck, 1940) have shown that when Clostridium acidi- 
urici is allowed to act upon uric acid in the presence of radioactive 
carbon dioxide the acetic acid formed contains radioactive carbon 
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in both the carboxyl and methyl groups. A possible interpreta- 
tion of this result is that the decomposition of uric acid by this 
organism is an oxidation in which carbon dioxide acts as the ulti- 
mate hydrogen acceptor and is reduced to acetic acid. Now if this 
interpretation is correct, one might expect the rate of decomposi- 
tion to be in some degree dependent upon carbon dioxide concentra- 
tion in the sense that lowering the latter would decrease the rate. 
Experiments were therefore carried out to see whether such an 
effect could be observed. 

Since preliminary observations indicated that a retardation of 
urate decomposition can be observed, if at all, only at very low 
carbon dioxide tensions, the final experiments were arranged to 
produce this condition. As reaction vessels the tubes described 
by Johnson (1937) for use in a modified Thunberg technique were 
employed. These tubes have two arms in which separate com- 
ponents of a reaction mixture can be placed and aerated with a 
stream of gas prior to mixing. In one arm were placed 3 ce. of a 
CO,-free solution of 0.025 m lithium urate, in the other a cell sus- 
pension in 4.3 ce. of CO,-free 0.093 mM phosphate buffer, pH 6.4. 
A buffer near the acid limit of urate decomposition was chosen in 
order to facilitate the removal of carbon dioxide. The gas used 
for this purpose was CO--free and O,-free H2; the rate of bubbling 
was about 3 liters per minute. After gas was passed through the 
tubes for 45 minutes, the urate was mixed with the cell suspension. 
Three tubes were aerated with H, during the entire incubation 
period (about 4 hour at 37°), while the aeration of three other 
tubes was stopped immediately after mixing. The latter were 
shaken at frequent intervals to prevent sedimentation of the 
cells. The progress of the decomposition was estimated by parallel 
experiments with Warburg’s manometric apparatus and the 
incubation period was chosen so that about half of the urate would 
be decomposed. The reaction was then stopped instantly and 
almost simultaneously in all tubes by addition of sulfurie acid to 
pH 1. The quantity of uric acid decomposed was calculated from 
the ammonia formed. 

The result was completely negative; the rate of urate breakdown 
in the tubes from which carbor dioxide was continuously removed 
by vigorous aeration with hydrogen was as high or a little higher 
than in the unaerated control tubes. It must be emphasized, 
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however, that this negative result does not disprove the hypothesis 
that carbon dioxide acts as an oxidizing agent. The only con- 
clusion to be drawn is that the removal of carbon dioxide in these 
experiments was not sufficiently complete to retard urate de- 
composition. That this should be so is quite understandable in 
view of the fact that the breakdown of urate releases carbon 
dioxide within the bacterial cells, from where it can escape only 
by the slow process of diffusion. 

Relative Rates of Decomposition of Various Purines—A few ob- 
servations were made on the relative rates of decomposition of 
uric acid, guanine, xanthine, and hypoxanthine by cell suspensions 
of Strain 9a. The cells were grown on a urate medium and the 
experiments were carried out by the manometric method. The 
media were all buffered with phosphate to pH 7.1. Relative rates 
were calculated from the reciprocals of the times required for 
complete decomposition of a definite quantity of substrate as 
indicated by cessation of gas production. 

The results show that the relative rates of decomposition are 
approximately urate 100, guanine 90, xanthine 55, and hypo- 
xanthine 1. Hypoxanthine decomposition evidently involves an 
adaptive enzyme, since during the first 90 minutes no carbon 
dioxide was produced, while during a further 5 hour incubation 
period the rate of gas production gradually increased to 1 to 2 
per cent of that for urate. A still longer incubation must result in 
a further increase in rate, since experiments already reported 
(Tables II and III) show that the same organism can ferment con- 
siderable quantities of hypoxanthine in 14 to 36 hours at 35°. 
The enzymes responsible for the decompositions of xanthine and 
guanine appear to be constitutive, since the maximum rates of 
gas evolution were reached almost immediately after addition of 
these substrates. It should be mentioned that the previously re- 
ported (Barker, Ruben, and Beck, 1940) induction period in the 
decomposition of guanine and urate is not generally of importance, 
since it occurs only under very special conditions. The rates of 
breakdown of these compounds by active cell suspensions are not 
influenced by the presence of glycine. 

A single experiment was carried out to see whether the rates of 
decomposition are additive when two substrates are simultane- 
ously supplied. This is the case for mixtures of urie acid and 
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xanthine; the time required for the decomposition of each com- 
pound is independent of the presence of the other. It is also of 
interest that hypoxanthine, which is itself very slowly attacked, 
does not inhibit the breakdown of uric acid when both are present 
in the same concentration (0.003 m). All these results suggest 
that a different enzyme catalyzes the breakdown of each purine. 

Dehydrogenase Activity—Methylene blue reduction in the pres- 
ence of cell suspensions and suitable substrates may under certain 
circumstances be taken as an index of dehydrogenase activity. 
The following experiments were undertaken to find out what 


TABLE V 
Relative Rates of Methylene Blue Reduction by Various Compounds in 
Presence of Strain 9a 


| 


Substrate Rate Substrate Rate 

Glycine. . | 100 | Hypoxanthine...... | 3.5 
Amino acid Mixture C* 100 | «Urie acid... ee 8 
Xanthine... 33 «+ hypoxanthine | 3.5 
Guanine 21 Adenylic acid... od ee 
Yeast autolysate (10%) 13 Adenine. weer 
Adenosine. s Yeast nucleic acid. ... | 2.5 
Guanosine 7.5 | Ethyl alcohol. ..| 2.2 
Amino acid Mixture B* 4.1 Hydrogen. . 1.0 
” " “ A? 3.1 Blank ...| 0.8 


* Mixture A, dl-leucine, d-lysine hydrochloride, /-aspartic acid, dl- 
alanine, dl-valine, /-proline; Mixture B, d-arginine hydrochloride, [-histi- 
dine hydrochloride, cysteine hydrochloride; Mixture C, l-hydroxyproline, 
l-tyrosine, glycine. 


compounds are activated as hydrogen donors by Clostridium acidi- 
urict and to determine their relative rates of dehydrogenation. 

The experiments were conducted by mixing 1 ec. of an approxi- 
mately 0.002 m solution of the compound to be tested, 0.5 ec. of 
cell suspension, and 0.5 ec. of 0.1 M phosphate buffer solution, pH 
7.6, in a modified Thunberg tube. 0.3 cc. of 0.002 Mm methylene 
blue was placed in the side arm and the tube was thoroughly 
evacuated. The relative rates of reduction (glycine = 100) at 
37° were calculated from the reciprocals of the times required for 
decolorization. Table V summarizes the data of several ex- 
periments. 
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The most striking result is the very rapid reduction of methylene 
blue by glycine and by the amino acid Mixture C which contains 
glycine as the active constituent. This action of glycine is evi- 
dently quite specific, since other amino acids are dehydrogenated 
much more slowly if at all. The possible significance of the ac- 
tivation of glycine will be discussed later. 

Among the purines, only xanthine and guanine cause the re- 
duction of methylene blue at a fairly rapid rate. Uric acid acts 
much more slowly. It may at first seem strange that uric acid, 
which from other experiments is known to be the substrate par 
excellence, is so inactive in this test. The explanation un- 
doubtedly is that the breakdown of uric acid (and other ferment- 
able substrates) results in the formation of intermediate hydrogen 
acceptors as well as hydrogen donors. The former then compete 
with methylene blue for the available hydrogen and consequently 
prolong the decolorization time. Under such conditions the rate 
of methylene blue reduction obviously bears no simple relation to 
“dehydrogenase activity.” There is, however, one significant 
conclusion that can be drawn from the reduction rates of xanthine, 
hypoxanthine, and uric acid; namely, that xanthine oxidase is not 
present in these organisms or, if present, is not active in the proces- 
ses of decomposition taking place. Creen (1934) has shown that 
in the absence of oxygen the enzyme xanthine oxidase converts 
equimolar amounts of uric acid and hypoxanthine into xanthine. 
Since with Clostridium acidi-urici xanthine reduces methylene blue 
much more rapidly than either urate or hypoxanthine, one would 
expect, if xanthine oxidase is present, that urate plus hypoxanthine 
should act more rapidly than either compound alone. Actually 
the mixture behaves just like hypoxanthine rather than xanthine. 
Therefore xanthine oxidase is not involved. 

DISCUSSION 

The decomposition of uric acid and other purines by Clostridium 
acidi-urici and similar anaerobic bacteria is of special biochemical 
interest because of the fact that the mechanism of the process is 
evidently very different from that involved in the breakdown of 
these compounds by certain aerobic microorganisms, higher 
plants, and animals. So far as is now known all these latter or- 
ganisms carry out oxidative decompositions involving the forma- 
tion of allantoin through the action of the enzymes xanthine 





~ 








~ 





H. A. Barker and J. V. Beck 23 


oxidase and uricase. The allantoin is then further broken down to 
give urea either by hydrolytic or oxidative reactions, depending 
upon the organism concerned. With the anaerobic bacteria, on 
the contrary, oxygen is not utilized, urea is not formed, and the 
enzymes mentioned above almost certainly play no part in purine 
breakdown. 

In examining the available information on the mechanism of 
anaerobic purine decomposition two distinct though closely related 
problems require consideration. One concerns the chemical na~ 
ture of the process as a whole. Does it involve oxidation-reducti 
reactions between purine or other organic molecules or is it es- 
sentially an oxidation of purines by means of carbon dioxide? 
The other problem concerns the transformations undergone by the 
individual purine molecules. What intermediate compounds and 
what enzymes are involved? 

First let us consider the evidence bearing upon the general chemi- 
cal nature of these metabolic processes. The hypothesis that they 
represent complete oxidations of purines by means of carbon 
dioxide which is reduced to acetic acid was first suggested by the 
formation of more than 1 mole of acetic acid per mole of hypo- 
xanthine decomposed and is supported by previously reported 
experiments with radioactive Cy, (Barker, Ruben, and Beck, 1940). 
It was observed that when either uric acid, guanine, or hypo- 
xanthine is decomposed in the presence of radioactive carbon 
dioxide the resulting acetic acid contains radioactive carbon in 
both the methyl and carboxyl groups. This indicates that acetic 
acid is formed by reduction of carbon dioxide. The evidence, 
however, is not conclusive because of the possibility that simple 
exchange reactions (involving not acetic acid itself but rather some 
intermediate compound) could bring about the same result. An 
independent method of demonstrating the postulated réle of 
carbon dioxide would be to show that the concentration of this 
substance controls the rate of purine decomposition. Unfortu- 
nately, all attempts to observe such an effect have given negative 
results. Though this in itself certainly does not disprove the 
hypothesis that carbon dioxide acts as a specific oxidant, it must 
be admitted that the evidence in favor of this view is not con- 
clusive. The formation of 1.25 moles of acetic acid per mole of 
hypoxanthine could be explained in other ways. 

The available information concerning the anaerobic transforma- 
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tions of uric acid or other purines is still fragmentary. Most 
conclusive is the evidence against involvement of the previously 
recognized enzymes and intermediates of purine breakdown, such 
as xanthine oxidase, uricase, allantoinase and allantoin, urease 
and urea. The absence of xanthine oxidase from Clostridium 
acidi-uricit is made probable by the failure of the organism to 
attack purine itself and by the methylene blue reduction experi- 
ments which indicate that hypoxanthine and uric acid do not 
react to give xanthine. Uricase is eliminated from consideration 
by the anaerobic nature of the process and the probable non-oc- 
currence of allantoin as an intermediate. Allantoinase and al- 
lantoin as well as urease and urea are excluded by the inability of 
the organisms to attack allantoin and urea, respectively. Finally 
the failure of urea to accumulate in the absence of a urea-decom- 
posing enzyme eliminates allantoicase as well as all other enzyme 
systems leading to the formation of urea. All the negative evi- 
dence leads irresistibly to the conclusion that the mechanism of 
anaerobic bacterial purine breakdown differs fundamentally from 
the better known aerobic process. 

Positive evidence on the mechanism of anaerobic purine decom- 
position is concerned entirely with the behavior of glycine. There 
can be no doubt that glycine is an intermediate. It accumulates 
in considerable quantities during the decompositions of uric acid 
and xanthine by Strain HCl and is decomposed by both Strains 
HCl and 9a when a purine is simultaneously available. The failure 
of glycine to accumulate in cultures of Strain 9a is very probably 
due to its more rapid decomposition by this organism and cannot 
he taken as evidence against its intermediate formation. 

Although the occurrence of glycine as an intermediate is well 
established, it must be emphasized that there is no certainty that 
it is formed in purine breakdown rather than in carbon dioxide 
reduction. Indeed the latter alternative is strongly suggested by 
previously reported experiments with radioactive carbon which 
showed that a considerable part, as much as 40 per cent, of the 
added carbon dioxide carbon is converted into a water-soluble, 
non-volatile material that could be glycine. Further experiments 
to test this point are in progress. 

Evidence regarding the breakdown of glycine is more definite 
than that regarding its origin. Experiments by the Thunberg 
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technique prove that glycine behaves as a very active reducing 
agent under the influence of the bacteria and it is therefore probable 
that also in a normal purine fermentation it is oxidized to yet 
undetermined products. The activation of glycine as a hydrogen 
donor is of some interest in itself, since other anaerobes like Clos- 
tridium sporogenes and Clostridium botulinum appear to use glycine 
only as a hydrogen acceptor. 

In conclusion, mention should be made of the possibility of 
using suspensions of these bacteria for the qualitative and quantita- 
tive determination of free purines. Although only preliminary 
trials have so far been made in this direction, the specificity of the 
organisms is such as to give promise of the development of a useful 
method. The only compounds known to be rapidly and com- 
pletely decomposed are uric acid, guanine, and xanthine. The 
complete decomposition of 1 mg. of uric acid, for example, requires 
only about 10 to 15 minutes under conditions suitable for mano- 
metric experiments. Any of the purines mentioned above could 
be estimated quantitatively, if present separately, by determining 
either the ammonia or the carbon dioxide formed by decomposition, 
and the individual compounds could be identified by finding the 
relative amounts of ammonia, carbon dioxide, and acetic acid. 
The simultaneous determination of the three purines in mixtures 
could also be carried out with a knowledge of the absolute and 
relative quantities of the products. Probably the only important 
interfering substance would be glycine, from which the purines 
can be readily separated by silver precipitation. Hypoxanthine, 
adenine, and other purine derivatives are decomposed so much 
more slowly than uric acid, guanine, and xanthine by cells grown 
on urate that they would not interfere. 


SUMMARY 
1. The uric acid-fermenting anaerobic bacteria, Clostridium 
acidi-urict and Clostridium cylindrosporum, are able to decompose 
only a very few organic compounds, all of which, with the exception 
of glycine, are purine derivatives. Uric acid, xanthine, and 
guanine are broken down rapidly and completely by cell suspen- 
sions and growing cultures, while hypoxanthine and some other 
compounds liberate their nitrogen slowly and generally in- 
completely. 
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2. The products of anaerobic purine decomposition by Clos- 
lridium acidi-uricit are ammonia, carbon dioxide, and acetic acid, 
while Clostridium cylindrosporum forms in addition small amounts 
of glycine. Both organisms decompose glycine when a fermentable 
purine is simultaneously available but not otherwise. Glycine 
is also activated as a strong hydrogen donor, and there are good 
reasons for believing that it represents an intermediate in either 
purine breakdown or carbon dioxide reduction. 

3. The enzyme systems and intermediate compounds known 
to be involved in purine breakdown by animal tissues, plants, and 
aerobic microorganisms are evidently not involved in the disassimi- 
lation processes of these anaerobic bar+ via. Although the de- 


tailed mechanism of these p:i«:iccs & bxcgely obscure, there are 
reasons for believing that °).cv s#prese: : ov.dations in which car- 
bon dioxide acts as the uliurc's “ed.egeu acceptor and is reduced 


to acetic acid. 

1. Data are presented ~ «iv: infiuence of various factors on the 
rate of purine decomposition. 

5. The possibility of using these bacteria for the quantitative 
and qualitative determinations of uric acid, guanine, and xanthine 
is pointed out. 


The authors wish to express their appreciation to Professor 
F. W. Allen, Professor T. E. Rawlins, and Professor C. L. A. 
Schmidt for helpful suggestions, particularly with regard to the 
isolation and identification of glycine, and to Dr. J.J. Eiler and Dr. 
H. A. Krebs for contributing various purine and pyrimidine 
derivatives. 
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A substantial relationship between cucumber viruses 3 and 4 
and certain members of the tobacco mosaic virus group may be 
demonstrated by a comparison of their physicochemical proper- 
ties and by serological tests (1-3). However, the test which would 
establish conclusively kinship between these nucleoproteins, 
namely the immunization of a plant diseased with cucumber virus 3 
or 4 against infection from a strain of tobacco mosaic virus or the 
reverse, has been entirely lacking, for no host common to the two 
groups of viruses has thus far been found (1, 2, 4). 

A comparative study of cucumber viruses 3 and 4 and strains 
of tobacco mosaic virus has been undertaken in an effort to find a 
chemical explanation for the similarities and differences existing 
between these related nucleoproteins. Moreover, a study of the 
cucumber viruses is of unique interest in connection with the rela- 
tionship between host and infectious agent, for, contrary to the 
usual case with plant viruses, cucumber viruses 3 and 4 have been 
found transmissible in but one family of plants (4). 

Karlier experiments with purified preparations of cucumber 
viruses 3 and 4 have been comparatively limited, and the data 
presented have dealt chiefly with cucumber virus 3 (2, 5, 6). 
Further, in most of these investigations chemical methods for 
purification were employed. It is known now that such methods 
may yield preparations which contain variable amounts of altered 
virus and show proportionally less activity than preparations 
obtained by physical means alone (7-10). A description of the 
isolation and purification of cucumber virus 4 by physical methods 
und of the properties of the purified virus is given in the pres- 
ent paper. 
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Preparation of Virus—Young cucumber plants were inoculated 
with cucumber virus 4 by rubbing one leaf on each plant with a 
gauze pad saturated with infective juice. This juice was obtained 
from a cucumber plant showing the typical yellow mottling pro- 
duced by cucumber virus 4 in members of the Cucurbitaceae. 
About 1 month after inoculation the plants were harvested and 
placed in a room kept at —12°. After a few days the frozen plants 
were ground, 3 per cent by weight of dipotassium phosphate in a 
50 per cent solution was thoroughly mixed with the pulp, and after 
about 2 hours the juice was expressed from the cold but completely 
thawed pulp. This juice was passed through a celite filter to 
remove coarse particles of green pigment and extraneous matter 
and then the virus was sedimented in the form of pellets by cen- 
trifugation at 20,000 to 30,000 r.p.m. for 30 minutes. The super- 
natant liquid, which was practically virus-free, was discarded and 
the pellets were dissolved in small amounts of distilled water. 
The combined solutions of virus pellets were spun at about 3000 
R.P.M. on an angle centrifuge for 30 minutes to remove green 
pigment and insoluble colloidal matter. The supernatant liquid, 
which contained the virus, was then returned to the high speed 
centrifuge and the process was repeated about three times, a 
longer period being allowed for the high speed centrifugation as 
the virus became more concentrated. In many cases it was found 
possible to effect a better separation of green pigment from the 
virus by dissolving the pellets obtained by the first two high speed 
centrifugations in 0.1 m phosphate buffer at pH 7 and then using 
distilled water as a solvent for the pellets of the last two centrifuga- 
tions. All of the preparations used for elementary analyses were 
further purified by dialysis against flowing distilled water for 
18 hours. 

Yields of purified virus ranged from 0.1 to 0.4 gm. per liter of 
expressed juice as compared with 2 to 2.5 gm. per liter ordinarily 
obtained for tobacco mosaic virus from the juice of diseased Turk- 
ish tobacco plants. The yield of virus appeared to depend some- 
what upon growing conditions, and especially upon the interval 
of time between inoculation and harvesting of the plants. The 
lower yields of virus were obtained from plants harvested 3 or 4 
weeks after inoculation and the higher amounts were secured 
from plants collected 4 to 6 weeks after inoculation. 
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Activity of Virus Preparations—The infectivity of typical prepa- 
rations of cucumber virus 4 was tested in each case by rubbing the 
leaves of young cucumber plants with 1 ml. of solutions containing 
various amounts of nucleoprotein, and noting the greatest dilution 
at which systemic infections were obtained. The results of three 
tests of this type reported for chemically purified cucumber 
virus 4 showed that the smallest amount of virus required to pro- 
duce infection varied from 10~* to 10-'° gm. (2). Table I shows 
the results of similar tests made with cucumber virus 4 prepared 
by the physical methods of filtration and differential centrifugation 
described above. Infections were noted for as little as 10-" gm. 
of virus. Although it is hazardous to compare the results of 


TABLE I 

Infectivity of Purified Preparations of Cucumber Virus 4 
Two plants were used to test each dilution of virus, and 1 ml. of virus 
solution was used to inoculate each plant. + indicates systemic infection; 
— signifies that the plant remained healthy. 





! 
Dilution, gm. virus per ml. 


107 | 10% 0? | 0 | 10-0 10-8 





Preparation No. _ 


= - — —_ a —_— | 
CV4-35.. ++ | ++ | ++ | ++ | 
CV4-7 1 ++ | ++ | ++ ++ | +- | $= 
CV4-8.... ++ | ++ | ++ | ++ | +4 | 44 
CV4-15.. ++ | ++ | ++ | +4 | -- | -- 
CV4-17 ++ > | +4 ++ | ++ | =—+ 





activity tests made at different times and under different condi- 
tions, it seems likely that preparations of cucumber virus 4 
obtained by the milder physical methods retain a greater degree of 
activity than chemically purified preparations. 

Elementary and Carbohydrate Analyses—Virus preparations 
obtained by differential centrifugation were dialyzed against dis- 
tilled water for 48 hours, frozen, and dried in vacuo, and then further 
dried to constant weight at 110° in a drying oven or in vacuo over 
phosphorus pentoxide. The white, fluffy material thus obtained 
was used for analysis. It should be mentioned that the hygro- 
scopic and voluminous nature of the dry virus and its tendency to 
become electrically charged make it difficult to weigh out samples 
with the precision which is common in the cases of many other 
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proteins. All of the analyses, with the exception of those for 
carbohydrate and phosphorus, were made by Dr. A. Elek with 
the customary micromethods. Carbohydrate was determined by 
the method of Tillmans (11), and most of the phosphorus values 
(a few were those of Dr. Elek) were obtained with the King colori- 
metric procedure (12). A Klett-Summerson photoelectric col- 
orimeter was used in both cases. Green Filter 54 and red Filter 66 
were used in the colorimeter for carbohydrate and phosphorus 
analyses, respectively. 

A comparison of the analytical data presented in Table II with 
the values obtained by Bawden and Pirie for cucumber viruses 3 
and 4 (2), or with those recorded for tobacco mosaic virus, reveals 


TABLE II 


Chemical Analysis of Cucumber Virus 4 


No. of a af Standard 
prepara- Mean deviation 
tions analyses of mean 
per cent per cent 
Carbon 3 S 50.70 0.16 
Hydrogen 3 Ss 6.98 0.06 
Nitrogen. . 3 Ss 15.37 0.15 
Sulfur.. 3 s 0.84 0.03 
Phosphorus 7 12 0.54 0.009 
Ash. 3 S 2.28 0.07 
Carbohydrate 5 15 2.27 0.10 


striking dissimilarities. Following a careful study, only 0.2 per 
cent sulfur has been found in dialyzed tobacco mosaic virus (13), 
whereas from 0 to 0.6 per cent sulfur has been reported by Bawden 
and Pirie for chemically purified cucumber virus 4 (2). In con- 
trast to the latter values, a sulfur content of 0.8 to 0.9 per cent 
has been found for cucumber virus 4 by repeated analyses on three 
preparations obtained by physical means as described above. 
Also, analyses made on electrodialyzed preparations have indi- 
cated that most, if not all, of the sulfur is inseparable from the 
virus. Hence, it may be concluded that cucumber virus 4 contains 
a definitely greater amount of sulfur than tobacco mosaic virus. 

Of still greater significance in a comparative study of these 
nucleoproteins is the previously unreported fact that the sulfur 








' 


| 
' 

















C. A. Knight and W. M. Stanley 33 


in cucumber virus 4 differs decidedly in nature from that of tobacco 
mosaic virus. Whereas even mildly denatured tobacco mosaic 
virus gives a strongly positive nitroprusside test, cucumber virus 4, 
with its larger amount of sulfur, gives a negative test even under 
conditions which presumably convert disulfide linkages to sulf- 
hydryl groups. This suggests that cucumber virus 4 contains 
neither the customary sulfhydryl nor disulfide sulfur. A further 
investigation of the nature of the sulfur in cucumber virus 4 is in 
progress and will be reported in a later paper. 

Nucleic Acid—Nucleic acid was separated from the protein por- 
tion of the virus by the method of Johnson and Harkins (14). A 
greater difficulty in effecting this separation than in the cases of 
certain strains of tobacco mosaic virus may indicate that there is a 
stronger bond between protein and nucleic acid in cucumber 
virus 4. 

The nucleic acid, in the form of a dry white powder, gave a 
negative biuret test and was shown by analysis to contain 34.45 
per cent C, 3.80 per cent H, 15.35 per cent N, and 8.83 per cent P. 
It gave a strongly positive Bial test for pentose (15) but failed to 
react with diphenylamine in acetic acid (16), which indicates that 
nucleic acid of the desoxypentose type was absent. From these 
tests it may be concluded that the nucleic acid of cucumber virus 4, 
like that of tobacco mosaic virus, is of the yeast type. 

Ultracentrifugation of Virus—Sedimentation constants for the 
virus at two dilutions were kindly determined by Dr. Max A. 
Lauffer. At concentrations of 4.0 and 0.9 mg. of virus per ml., 
values of 173 & 10~" and 183 X 10~, respectively, were obtained. 
These values do not differ significantly from those obtained for 
tobacco mosaic virus at corresponding dilutions (17). This fact, 
when considered with x-ray (3, 18) and electron microscope data 
(19), indicates that the molecular weights of cucumber virus 4 
and tobacco mosaic are substantially the same. A value of about 
4 X 107 has been assigned to the latter (20). 

Electron Micrographs—Solutions of cucumber virus 4 exhibit 
stream double refraction and, upon standing, concentrated solu- 
tions of the virus may separate into two layers, of which the 
lower more concentrated one is liquid crystalline (2). These 
facts have been confirmed in the present study. In addition, it 
has been shown that, when a solution of the virus is caused to flow, 








34 Cucumber Virus 4 


the entire stream is doubly refracting, and the double refraction 
persists for a time after the stream leaves a pipette. These results 
indicate that the particles of cucumber virus 4, like those of tobacco 
mosaic virus, are rod-shaped. X-ray measurements (18) and 
electron micrographs (19) are in complete accord with this con- 
clusion. 

A marked tendency towards an end-to-end aggregation of 
particles was noted in the first electron microscope pictures of 
cucumber virus 4 (19). As a result, it was possible to measure the 





Fic. 1. Aneleetron micrograph of cucumber virus 4 showing typical rod- 
shaped particles. X 20,000. 


lengths of only a few individual particles and a value of about 300 
my was reported. In more recent micrographs, such as are repro- 
duced in Fig. 1, less aggregation has been observed. Measure- 
ments on the newer micrographs have indicated a particle length 
of about 275 my in a considerable number of cases. This value 
agrees very closely with the figure of 280 my assigned to tobacco 
mosaic virus (19). The diameter of the rods, as was expected 
from x-ray data and the previous electron micrographs, was found 
to be about the same as that of tobacco mosaic virus; 7.e., in the 
neighborhood of 15 mu. It should be mentioned that x-ray data 
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indicate a particle thickness of 14.6 my for cucumber viruses 3 and 
4, a value considered to be significantly smaller than the 15 my for 
tobacco mosaic virus (3, 18). 

A number of rods with shorter lengths than that corresponding 
to 275 my are conspicuous in Fig. 1 and similar micrographs. 
Short particles of this type have also appeared in micrographs of 
tobacco mosaic virus (19). Since the virus preparations repre- 
sented in such pictures have always been at least a few days old, 
it is possible that the short particles of variable length may indi- 
cate an increased susceptibility of the rods to fragmentation as 
the virus ages. If this were the case, the technique of preparing 
the mounts for the microscope (19) might aid in the rupture of 
rods of a standard length to produce the observed short particles. 

In any event, it may be concluded that electron micrographs, 
like the data obtained by means of the analytical ultracentrifuge 
and by x-ray studies, show that the particles of cucumber virus 4 
are essentially the same size and shape as those of tobacco mosaic 
virus. 

It is a pleasure to acknowledge indebtedness to Dr. T. F. Ander- 
son, RCA Fellow of the National Research Council, for the micro- 
graphs referred to above. The electron microscope used was one 
generously made available by the RCA Manufacturing Company, 
Inc., at Camden. 

Serological Tests Cucumber virus 4 antiserum was obtained 
from the blood of a rabbit 8 to 10 days after the last of five spaced 
intravenous injections of a total of about 40 mg. of virus. Pre- 
cipitin tests were made by adding 0.3 ml. of antigen at various 
dilutions to tubes containing 0.3 ml. of cucumber virus antiserum 
diluted 1:10. All dilutions were made with 0.85 per cent sodium 
chloride. . After mixing, the tubes were incubated at 37° for 2 
hours, placed in a refrigerator overnight, and examined for pre- 
cipitates. 

Precipitin tests with cucumber viruses 3 and 4 and six strains 
of tobacco mosaic virus as antigens and cucumber virus 4 anti- 
serum demonstrated a strong serological relationship between 
cucumber viruses 4 and 3, but only a feeble relationship between 
cucumber virus 4 and the six strains of tobacco mosaic virus 
listed in Table IIT. 
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TaBLe III 


Precipitation of Cucumber Viruses 3 and 4 and Strains of Tobacco Mosaic 
Virus with Cucumber Virus 4 Antiserum 





The signs indicate the degree of precipitation. 


Dilution of antigen, 1:1 = 1 mg. per ml. 


Antigen : ws 

1:1 | 1:4 1:16 1:64 1:256 | 1:1024 
Cucumber virus 4 ++++/4++++ $4) +? | +t of 
¥ eal $+++l++4+4+/4++4+) ++ 144+] + 
Tobacco mosaic virus...... - + 4. 4 + ~ 
Yellow aucuba mosaic virus _ os }- 4 4. re 
Green a ™ — + +} be ry ie 
Holmes’ masked virus ~ +b oe 4 + + 
i ribgrass “ — — + + } + 

Ji4D1 virus — + £- 4. }. 
DISCUSSION 


The activity of physically purified cucumber virus 4 was found 
in the present study to be definitely higher than that reported by 
Bawden and Pirie for virus purified by chemical methods. The 
fact that the latter investigators reported amounts of sulfur rang- 
ing from 0.0 to 0.6 per cent strongly suggests that their material 
contained appreciable amounts of altered virus, for in the present 
investigation virus purified by mild means has been found to con- 
tain 0.84 per cent sulfur. 

The presence of about four times as much sulfur in cucumber 
virus 4 as in tobacco mosaic virus is of special interest. This sulfur 
is apparently an integral part of the virus, for, as will be described 
in detail in a later communication, it is not removed even by electro- 
dialysis. Equally significant is the fact that among ten plant viruses 
tested in this laboratory only tobacco ring spot (9) and cucumber 
virus 4 gave a negative nitroprusside test. Thus, the sulfur of the 
latter virus differs both quantitatively and qualitatively from that of 
tobacco mosaic virus to which it is presumably related. It seems 
quite possible that elucidation of the nature of the sulfur in cucum- 
ber virus 4 may help to explain biological and immunological 
differences between this nucleoprotein and those of the tobacco 
mosaic virus group. It may also have an important bearing on the 
problem of the narrow host range of the cucumber virus. 

The relationship of cucumber viruses 3 and 4 to tobacco mosaic 
virus is based to some extent on the results of serological tests made 
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by Bawden and Pirie (2). In our hands, such tests have in- 
dicated an even weaker relationship than that previously reported. 
As will be shown in other communications from this laboratory, 
there is considerable chemical evidence to account for the feeble 
precipitin tests which we have observed (21). 

The present study has shown that cucumber virus 4 closely 
resembles tobacco mosaic virus in many respects, but that the 
two viruses differ fundamentally in their serological behavior and 
in the nature and amount of the sulfur which they contain. 


SUMMARY 


Cucumber virus 4 has been isolated from diseased cucumber 
plants and purified by differential centrifugation. With two ex- 
ceptions, the general properties of the virus obtained by this 
method were essentially the same as reported by Bawden and Pirie 
for virus purified by chemical methods. The activity of the pres- 
ent preparations was found to be somewhat greater than that 
previously reported for chemically isolated virus. Analyses 
made on three samples of dry virus indicated an average sulfur 
content of 0.84 per cent, which is about 4 times the amount found 
in tobacco mosaic virus and is significantly higher than values 
previously reported by Bawden and Pirie for cucumber virus 4. 
In contrast to a number of other plant viruses, denatured cucumber 
virus 4 gave a negative nitroprusside test for S—S and S—H. 

Nucleic acid was isolated from the virus and found, like that of 
tobacco mosaic virus, to be of the yeast type. 

Data obtained by means of the analytical ultracentrifuge and 
the electron microscope showed that the particles of cucumber 
virus 4, like those of tobacco mosaic virus, were rod-shaped, had a 
diameter of about 15 my, a length of 275 my, and a molecular 
weight in the neighborhood of 4 « 10’. 

Precipitin tests with cucumber viruses 3 and 4 and six strains of 
tobacco mosaic virus as antigens and cucumber virus 4 antiserum 
indicated a strong serological relationship between cucumber 
viruses 3 and 4, but only a weak relationship between the latter 
and strains of the tobacco mosaic group. 
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One of the striking properties of the high molecular weight 
nucleoproteins designated as viruses is their ability to reproduce 
themselves within certain living cells. Equally remarkable is the 
frequent sudden variation in some viruses by means of which a 
new strain arises possessing properties quite distinct from those of 
the original virus. Such a change presumably closely resembles a 
gene mutation in that the transformation involves nucleoprotein 
and may be a permanent one which, as reflected by the constancy 
of accompanying new properties, is faithfully reproduced in sub- 
sequent generations of the virus. 

It is obvious that the mutation of either a virus or a gene must 
be attended by chemical changes in structure. Recently, muta- 
tions of tobacco mosaic virus induced by x-rays and y-rays have 
been reported (1). On the basis of a 15 per cent difference be- 
tween the phosphorus contents of the original strain and one of 
the altered strains, presumably established by only two analyses 
in each case, it was concluded that such mutations could be 
attributed to irradiation-induced alterations in the nucleic acid 
part of the virus molecule. In contrast to these findings, data are 
given in the present paper which show that, in the case of spon- 
taneously arising strains of tobacco mosaic virus, the chemical 
differences between strains probably lies not in the nucleic acid 
but rather in the protein part of the virus molecule. 

Preliminary to a more extensive investigation, analyses were 


* Presented in part before the Division of Biological Chemistry at the 
meeting of the American Chemical Society at St. Louis, April 7-11, 1941. 
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made for tyrosine, tryptophane, and phenylalanine in six well 
characterized and distinctive strains of tobacco mosaic virus (Fig. 
1) and in the related cucumber viruses 3 and 4. The choice of the 
aromatic amino acids for an approach to this study was prompted 
by the close association of biological activity in certain enzymes 





Fic. 1. Leaves of Turkish tobacco plants showing symptoms typical for 
each of six strains of tobacco mosaic virus. TMV = tobacco mosaic virus; 
YA = yellow aucuba; GA = green aucuba; M = Holmes’ masked strain; 
J14D1 = a derivative, isolated by Dr. L. O. Kunkel, of Dr. J. H. Jensen’s 
J14 virus; and Rk = Holmes’ ribgrass strain. The leaf showing the masked 
strain (MV) is practically indistinguishable from a normal leaf, although it 
contains an appreciable amount of virus. The J/4D1 and //R viruses differ 
from the other strains shown in giving distinct primary lesions on the inocu- 
lated leaves as well as typical secondary svmptoms In each of these cases, 
the first leaf shows characteristic primary lesions and the second leaf the 
secondary symptoms. Photograph by J. A. Carlile.) 
and hormones with the integrity of tyrosine (2-5). Moreover, 
evidence has accumulated which emphasizes the importance of 
aromatic nuclei in serological specificity (6). Since relationships 
between viruses are partly established by serological tests, any 
chemical evidence which can be correlated with such tests becomes 


especially desirable. 
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EXPERIMENTAL 


Amino Acid Analyses—Purified virus preparations obtained 
from filtered infectious juices by differential centrifugation were 
dialyzed against flowing distilled water for 48 hours, frozen, and 
dried in vacuo, and then further dried to constant weight at 110° 
in a drying oven. The white fluffy material thus obtained was 
used for amino acid and phosphorus analyses. 

For the tyrosine and phenylalanine determinations, 20 to 40 mg. 
of virus were hydrolyzed in 0.4 to 0.8 ml. of 6 N sodium hydroxide 
by heating in a sealed tube in a boiling water bath for 5 hours, 
The hydrolysate was transferred quantitatively to a 25 ml. volu- 
metric flask and made to volume with distilled water. Aliquots of 
such solutions were used for the color reactions described below. 
Although most of the tryptophane analyses reported here were 
made on alkaline solutions of the dry virus, rather than on hydroly- 
sates, it was found possible to make these determinations satisfac- 
terily on aliquots of the same hydrolysate used for tyrosine and 
phenylalanine. Thus, it was possible to make duplicate analyses 
for each of the aromatic amino acids from an original sample of as 
little as 20 mg. of virus. 

Tyrosine was determined by the Bernhart micromethod (7), 
tryptophane by the Shaw and MeFarlane glyoxylic acid procedure 
(8), and phenylalanine by Block’s modification of the Kapeller- 
Adler reaction (9, 10). The colors developed in each case were 
compared with appropriate standards in a Klett-Summerson photo- 
electric colorimeter. Green Filter 54 was used in the tyrosine 
determination and a combination of Wratten Filters N61 and 
Flavazine T16 (wave-length, 560 my) was employed for the trypto- 
phane and phenylalanine analyses. The results of individual 
analyses showed a maximum deviation from the averages listed 
in Table | of +0.1 per cent for the tyrosine and +0.2 per cent for 
the tryptophane and phenylalanine values. 

In the phenylalanine determination, it was found necessary to 
correct for interference by tryptophane. When values for phenyl- 
alanine which seemed erroneously high were obtained, an in- 
vestigation was made with the results summarized graphically in 
Fig. 2. On the basis of the size of the virus samples used for 
phenylalanine determinations and the reported amino acid com- 
position of tobacco mosaic virus (11, 12), an amino acid mixture 
was prepared with only the aromatic amino acids omitted. When 
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various amounts of this mixture or any of the known constituents 
of tobacco mosaic virus were added to a phenylalanine standard, 
no change in the colorimeter reading was observed except when 
tryptophane was included. Upon addition of tryptophane, the 
reading of the standard became higher in proportion to the amount 





Colorimeter reading 


80} e~ $4 + tryptophane 
= $A + tyrosine 
0-Atamino acid mixture 














75}- 4-%At+TMV nucleic acid 

70 
ite 5 a | 
0 0.10 0.20 0.30 0.40 


Mg. of substance added to 0.536 my. g-alanine 


Fic. 2. Effect of different materials on the colorimetric determination 
of phenylalanine (#4-alanine, A). 7'MV represents tobacco mosaic virus 


of tryptophane added. Consequently, in analyses of virus for 
phenylalanine, a value corresponding to the amount of tryptophane 
present in the aliquot of solution taken for analysis was sub- 
tracted from the colorimeter reading of the unknown before the 
calculations were made. The validity and the basic numerical 
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value of such a correction were established by a series of deter- 
minations in which different amounts of tryptophane were added 
to a constant amount of phenylalanine and the reverse. In all 
cases, a constant increment of color was observed for a definite 
amount of tryptophane. In our experience, the chief advantages 
of the above procedure as opposed to the method applied to acid 
hydrolysates (9), in which tryptophane has been automatically 
destroyed, are convenience, greater reproducibility, smaller 


TABLE | 
Aromatic Amino Acids and Phosphorus in Strains of Tobacco Mosaic Virus 
and in Cucumber Viruses 3 and 4 


Virus prepa Tyrosine | —— ——_ Pt 
per cent per cent per cent per cent 

Tobacco mosaic 12 3.8 | 4.5 6.0 | 0.56 
Yellow aucuba Sind 3.9 | 4.2 | 6.3 0.52 
Green - 2 3.9 4.2 | 6.1 0.54 
Holmes’ ribgrass | 4 6.4 3.5 | 4.3 | 0.53 
masked 2 3.9 4.3 6.1 0.54 

Ji4D1 | 2 3.8 4.4 6.1 | 0.55 
Cucumber virus 4 7 3.8 1.4 10.2 0.54 
ste | l | 4.0 1.5 | 10.0 | 0.56 





* Two or more analyses were made on each preparation. The results of 
individual analyses showed a maximum deviation from the averages listed 
of +0.1 per cent for the tyrosine and +0.2 per cent for the tryptophane and 
phenylalanine values, 

+ The values in this column represent the average of duplicate determina- 
tions on two or more preparations, with the exception of cucumber virus 3. 
Almost all of the results of individual analyses were within the range 0.52 
to 0.58 per cent. 


hydrolytic losses of phenylalanine (10), and avoidance of mechan- 
ical losses involved in decolorization of acid hydrolysates. ‘The 
main disadvantage appears to be the necessity of knowing the 
tryptophane content of the protein in order to estimate the 
phenylalanine content. 

Analysis of twelve preparations of tobacco mosaic virus indi- 
cated the presence of 3.8, 4.5, and 6.0 per cent of tyrosine, trypto- 
phane, and phenylalanine, respectively. These values agree 
quite well with those recently reported for tobacco mosaic virus 
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(11). The results obtained for yellow aucuba, green aucuba, 
Holmes’ masked, and J14D1 strains of tobacco mosaic virus were 
similar. However, pronounced differences were found in the cases 
of Holmes’ ribgrass strain and cucumber viruses 3 and 4. Tyro- 
sine, tryptophane, and phenylalanine contents of 6.4, 3.5, and 4.3 
per cent, respectively, were found for the ribgrass strain, while 
similar analyses of seven preparations of cucumber virus 4 and 
one preparation of cucumber virus 3 indicated the presence of 
about 3.8, 1.4, and 10.2 per cent of tyrosine, tryptophane, and 
phenylalanine, respectively. 

Phosphorus Analyses—Phosphorus determinations were made 
on 5 to 10 mg. samples of dried virus according to the method of 
King (13). Red Filter 66 was used in the colorimeter. 

Individual analyses for phosphorus in samples of the various 
strains resulted in values ranging from 0.5 to 0.6 per cent, with a 
majority of the values falling within a somewhat narrower range. 
While such a variance would be considered serious in the analysis 
of many materials, it is perhaps not so in the case of viruses for two 
reasons. The first of these is that the phosphorus of viruses is 
contained entirely in the most labile portion of the virus molecule, 
7.e. in the nucleic acid, and is, therefore, most subject to loss during 
purification of the virus. Second, and possibly of much greater 
importance, is the fact that the hygroscopic and voluminous 
nature of the dry virus and its tendency to become electrically 
charged make it difficult to weigh out samples with the precision 
which is common in the cases of many other proteins. Hence, the 
differences between the average phosphorus value for tobacco 
mosaic virus and the phosphorus values for any of the strains 
listed in Table I are smaller in many cases than the differences 
between individual samples of tobacco mosaic virus or even 
between values obtained during repeated analyses of the same 
sample. From this fact, it may be concluded that there is no 
demonstrable quantitative difference between the nucleic acid 
components of the viruses examined. This does not exclude the 
possibility of qualitative dissimilarities among the nucleic acid 
constituents. However, such a contingency is less likely than it at 
first appears, since the positive Bial and negative Dische tests 
which were obtained for each virus indicate that all of them, as 
has been definitely shown for tobacco mosaic virus (14), contain 
the yeast type of nucleic acid. 
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Serological Reactions—Preparations of the viruses used in sero- 
logical tests were made by purely physical methods involving fil- 
tration and differential centrifugation of the juices from infected 
Turkish tobacco plants, or from cucumber plants in the cases of 
cucumber viruses 3 and 4. Tobacco mosaic virus antiserum was 
obtained from the blood of a rabbit 8 to 10 days after the last of 
five spaced intravenous injections of a total of about 40 mg. of 
virus. Precipitin tests were made by adding 0.3 ml. of antigen at 
various dilutions to tubes containing 0.3 ml. of tobacco mosaic 
virus antiserum diluted 1:10. All dilutions were made with 0.85 
per cent sodium chloride. After mixing, the tubes were incubated 


TABLE II 
Precipitation of Strains of Tobacco Mosaic Virus and Cucumber Viruses 3 
and 4 with Tobacco Mosaic Virus Antiserum 


The signs indicate the degree of precipitation. 





Dilution of antigen, 1:1 = 1 mg. per ml. 
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Holmes’ masked +4+4+4) ++++| vit + an 
‘* — ribgrass — 4 MBA = sie 
J14D1. CERT —" AAA + = 
Cucumber virus 4 —- | re ee +. - “a 
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at 37° for 2 hours, placed in a refrigerator overnight, and examined 
for precipitates. 

Precipitin tests with strains of tobacco mosaic virus and cucum- 
ber viruses 3 and 4 as antigens and tobacco mosaic virus antiserum 
demonstrated a strong serological relationship between tobacco 
mosaic virus and all of the viruses tested, with the exception of 
Holmes’ ribgrass strain and cucumber viruses 3 and 4 (see Table 
IT). 

A comparison of the amino acid values for the viruses examined 
(Table I) with the results of the serological tests reveals a striking 
similarity in the outcome of the two types of experiments. Within 
the limits of accuracy of the methods employed, the aromatic 
amino acid compositions of the viruses examined were very close 
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to that of tobacco mosaic virus, with the exception of Holmes’ 
ribgrass strain of tobacco mosaic virus and cucumber viruses 3 
and 4. In each of the latter cases pronounced differences from 
the composition of tobacco mosaic virus were apparent. It may 
or may not be significant that in all cases the total percentages of 
aromatic amino acids were about the same. 

It is of some interest to note in passing that precipitates, com- 
parable to those obtained with rabbit antiserum, were also ob- 
served in precipitin tests with tobacco mosaic virus antiserum 
obtained from a mangabey monkey. The authors are indebted to 
Dr. K. W. Thompson of Yale University for the latter antiserum. 


DISCUSSION 

Most important among the characteristics by which plant virus 
strains are recognized are the capacity of one strain to protect a 
fully infected plant from further infection by a second strain and 
the ability of one strain to react with the antiserum of another. 
In addition, viruses shown to be related by plant protection and 
serological tests invariably possess similar physicochemical proper- 
ties and are transmitted by the same methods. By these criteria, 
the viruses discussed in the present paper are strains of tobacco 
mosaic virus. They are known to possess very similar physico- 
chemical properties, are transmitted in the same manner, react 
with each other’s antiserum, and plants fully infected with one are 
protected against infection from another. In the cases of cucum- 
ber viruses 3 and 4, it has not been possible to apply the plant 
protection test, for no host common to the cucumber viruses and 
tobacco mosaic virus has thus far been found. The cucumber 
viruses are somewhat unusual in that they have been found to 
multiply only in members of the Cucurbitaceae. Despite this 
fact, it is commonly believed that cucumber viruses 3 and 4 may 
have arisen from tobacco mosaic virus through some fortuitous 
event. In this connection it is important to note that these 
nucleoproteins have very similar general properties (15, 16), and 
especially that among a large number of viruses cucumber viruses 
3 and 4, tobacco necrosis virus, and the viruses of the tobacco 
mosaic group stand alone in their remarkable ability to resist 
heat. Therefore, the pronounced differences in the amounts of 
aromatic amino acids found in tobacco mosaic virus, Holmes’ 
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ribgrass strain, and cucumber viruses 3 and 4 demonstrate clearly 
for the first time the chemical nature of certain changes which may 
accompany the variation of a virus. The differences in com- 
position of tobacco mosaic virus and the Holmes’ ribgrass virus 
are particularly important, for the latter is unequivocally a strain 
of tobacco mosaic virus (17). In this case at least, the formation 
of a virus variant obviously has involved fundamental changes 
in the composition of the protein rather than simpler alterations 
of the type frequently postulated, such as a gain or loss of certain 
reactive groups or a rearrangement of basic units to form a new 
pattern, For this reason, it seems quite likely that investigations 
now in progress will reveal distinctive differences in the composi- 
tion of the proteins of tobacco mosaic virus and the strains which 
did not differ significantly from the former with respect to aromatic 
amino acids. 

In view of the marked changes which the present data have 
shown to occur in the variation of a virus, it seems likely that a 
new strain has arisen in each case by a diversion of the synthetic 
process by which the virus multiplies rather than by an alteration 
of some of the completely formed virus molecules. Further evi- 
dence in this direction may be provided by the results of certain 
irradiation experiments (1, 18). Although irradiation of tobacco 
mosaic virus in vitro with x-rays or y-rays failed to produce vari- 
ants, the irradiation of diseased plants, or even irradiation of nor- 
mal plants 24 hours before inoculation, appeared to induce the 
formation of a small number of variants. The latter results have 
led to the hypothesis that irradiation somehow alters certain 
plant constituents with the result that their incorporation into a 
virus molecule produces a new strain. However, no specific 
chemical differences between strains isolated following irradiation 
and the original virus have been demonstrated, with the exception 
of a 15 per cent difference between the phosphorus values for two 
strains (1). Data obtained in the present investigation indicate 
tyrosine, tryptophane, and phenylalanine contents of 6.4, 3.5, and 
4.3 per cent, respectively, for one spontaneously occurring strain 
of tobacco mosaic virus. These values vary greatly from the 
corresponding ones of 3.8, 4.5, and 6.0 per cent established for 
ordinary tobacco mosaic virus and show that a profound difference 
exists in the composition of the protein components of the two 
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virus strains. Because of the deep seated nature of this difference, 
it is suggested that mutation, or the formation of a virus variant, 
occurs during the process of virus synthesis. 

The remarkable coincidence of results of the serological tests 
and the amino acid analyses is of special interest. Extensive work 
will be required to establish fully the significance of this agreement, 
but, when considered with evidence of other types pointing in the 
same direction (6), it appears to reemphasize the réle of aromatic 
amino acids in the serological specificity of proteins. 


The authors wish to express their appreciation to Dr. F. O. 
Holmes for making a portion of this study possible by kindly pro- 
viding the ribgrass strain of tobacco mosaic virus. 


SUMMARY 


Serological tests with six strains of tobacco mosaic virus and 
cucumber viruses 3 and 4 as antigens and tobacco mosaic virus 
antiserum showed a close relationship between tobacco mosaic 
virus and all of the viruses tested, with the exception of Holmes’ 
ribgrass strain and cucumber viruses 3 and 4. 

Analysis of twelve preparations of tobacco mosaic virus indicated 
the presence of 3.8, 4.5, and 6.0 per cent of tyrosine, tryptophane, 
and phenylalanine, respectively. The results obtained for yellow 
aucuba, green aucuba, Holmes’ masked, and JI4D1 strains of 
tobacco mosaic virus were the same as those for tobacco mosaic 
virus within experimental error. Pronounced differences were 
found in the cases of Holmes’ ribgrass strain of tobacco mosaic 
virus and cucumber viruses 3 and 4, for the tyrosine, tryptophane, 
and phenylalanine values for the former were 6.4, 3.5, and 4.3 per 
cent, respectively, and about 3.8, 1.4, and 10.2 per cent, respec- 
tively, for the cucumber viruses. 

An indication of the absence of significant quantitative differ- 
ences in the nucleic acid component of the viruses was evident in 
the close agreement found in analytical values for phosphorus in 
the various strains. Qualitative tests showed that the nucleic acid 
in all of the viruses was of the yeast type. 

On the other hand, the decided dissimilarities in the protein 
portions of some of the viruses, as revealed by the results of amino 
acid analyses, show that the mutation of tobacco mosaic virus to 























C. A. Knight and W. M. Stanley 49 


form a new strain may be accompanied by changes in the amino 
acid composition of the virus. Because of the nature of these 
changes, it is suggested that a new virus strain arises by a diversion 
of the synthetic process by means of which the virus multiplies 
rather than by an alteration of completely formed virus molecules. 
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Since the first investigation of the alkaloids contained in the 
three liliaceous plants, Sabadilla officinalis (Veratrum sabadilla), 
Veratrum album, and Veratrum viride, as well as several allied 
species of the veratrums, it has been customary to group them to- 
gether and to consider the possibility that they are chemically 
related. Following the older work of Wright and Luff (1) and of 
Salzberger (2), who made important contributions in regard to the 
occurrence and formulations of a number of these alkaloids, the 
recent careful studies of Poethka (3) on the isolation and distribu- 
tion of the alkaloids in V. album have added the alkaloid germerine 
to the list and also contributed to our knowledge of the formula- 
tions and superficial chemistry of a number of them. It appears 
definite from what has been done that they belong in two separate 
categories. The first consists of those which do not behave as 
ester alkaloids; viz., jervine, CosH370;N, rubijervine, CosHO.N, 
and pseudojervine, Cs3;HyOsN (CosHgO7N, according to Wright 
and Luff). None of these appears to have been found in sabadilla 
seeds. The second category is that of the highly toxic alkaloids of 
sabadilla seeds, cevadine and veratridine (4), which are respec- 
tively the angelic (or tiglic) and veratric esters of cevine, Ce7Ha- 
OsN, and protoveratrine and germerine which were isolated from 
V.album. The protoveratrine of Salzberger, according to Poethke, 
possesses the formulation CaHgOuN and yields on saponification 
the three acids, acetic, /-methylethylacetic, and methylethyl- 
glycolic acids and the amorphous alkamine protoverine, CosH¢- 
OywN. Germerine is the methylethylacetic and methylethyl- 
glycolic esters of a crystalline alkamine germine, CosHaOsN. 
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The close resemblance of the formulation of these alkamines sup- 
ports the view of a close chemical relationship. However, this has 
not as yet been supported by any evidence obtained by compara- 
tive degradative investigations. 

In connection with our own study of the degradation of cevine, 
we have turned to a number of these alkaloids with the hope not 
only of confirming the possibility of a mutual relationship but that 
certain of the alkaloids in the first category with fewer oxygen 
atoms would lend themselves more readily to degradative study. 
We wish here to report our experience with jervine. 

According to Saito, Suginome, and Takaoka (5), this alkaloid 
is a secondary amine which also possesses an acylatable hydroxyl 
group and contains 2 active H atoms. These observations were 
confirmed by Poethke who, however, has concluded that the re- 
maining 2 oxygen atoms are not contained in a methylenedioxy 
group. 

On distillation with soda lime, jervine was found to behave quite 
differently from cevine in our experience. Only a relatively small 
amount of a volatile basic fraction was produced which after hydro- 
genation was fractionated. This resulted in a very small yield of 
a crystalline oxygen-containing base, analysis of which suggested 
the formulation CsH,;ON. (After recrystallization from ether it 
melted not sharply at 100-115°. Because of the very small 
amount of material available, it was analyzed without further 
recrystallization. CsH,7ON, calculated, C 67.07, H 11.97, N 
9.79; found, C 66.97, H 11.81, N 9.43.) It is possibly related to the 
base CsHy,ON obtained by dehydrogenation of jervine as described 
below. Most of the nitrogen-containing material was retained in 
the soda lime. This will be a subject of future study. 

The dehydrogenation of jervine with selenium gave more promis- 
ing results and produced a mixture which was separated into basic 
and neutral fractions from which a number of substances have been 
isolated by careful manipulation. 

From the more volatile basic fraction a weak base was obtained 
which after purification as the picrate appeared on comparison to 
be identical with the picrate of 2-ethyl-5-methylpyridine obtained 
from cevine (6). In addition a phenolic basic fraction was sep- 
arated, from which an appreciable yield of a crystalline substance 
was isolated which melted at 145-147°. Analysis supported the 
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formulation CsHy,ON or that of a hydroxyethylmethylpyridine. 
The base coupled with diazotized sulfanilic acid. The identity of 
this substance remains to be established but its probable identity 
may be inferred from the following considerations. 

In our earlier work on the degradation of cevine by different 
procedures two oxygen-containing bases were obtained among 
others; viz., CsHnON and CsHgON. The former was shown to be 
a derivative of 2-ethyl-5-methylpyridine containing a hydroxy] 
group on one of the side chains, presumably the ethyl (Formula I). 


0 
HC H bia HsC( oH 
CH,CH,0H CH, Hs 
I 


II Il 


Although not rigidly established, a possible relationship between 
these bases was tentatively assumed (7), so that it could be con- 
sidered that the base CsHsON is the ether of the hydroxy base 
due to cyclization on position 3 (Formula II). It therefore ap- 
pears not unlikely that the phenolic base from jervine will prove to 
be 2-ethyl-5-methyl-3-hydroxypyridine (Formula III). 

From the least volatile basic fraction of the dehydrogenation 
products from jervine which corresponded to the cevanthridine 
fraction obtained from cevine, no crystalline substance has been 
as yet isolated and no evidence of the formation of cevanthridine 
or analogous base has been obtained. The study of this fraction 
will be resumed as opportunity is presented. 

The least volatile neutral fraction has yielded a number of sub- 
stances, mainly hydrocarbons, after chromatographic separation 
with alumina. The majority (about three-fourths) of the neutral 
material passed readily through the column and consisted of a 
mixture of hydrocarbons. This mixture on careful fractional dis- 
tillation was separated into the following fractions. 

The lowest boiling of these was purified as the picrate, the formu- 
lation of which was found on analysis to be CiHiy-CsH;07Ns. 
This conclusion was supported by analysis of the hydrocarbon 
itself which, however, could not be crystallized. The ultraviolet 
absorption spectrum curve of this substance as represented in Fig. 1 
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closely resembled that of 4,5-benzohydrindene (Formula IV). 
It must be concluded therefore that this hydrocarbon is a methyl- 
4,5-benzohydrindene homologous with the substance obtained 


on dehydrogenation of cevine (7, 8). 
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Fic. 2. Absorption spectrum curves. 








X = CaHoo hydrocarbon, O = 


Ci7His hydrocarbon, O = C2oHe: hydrocarbon, the solid line = fluorene. 


A higher boiling fraction yielded a crystalline hydrocarbon which 
melted at 79°. The analysis and molecular weight determination 


supported the formulation C2oH2. 


The absorption spectrum 


curve of this substance as shown in Fig. 2 was very similar to that 


of fluorene. 


A later fraction was separated with difficulty into the CooHis 


hydrocarbon described below and an amount of a hydrocarbon too 
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small for final purification. But the analysis and molecular 
weight determination suggested a homologue of the previous 
CooHee hydrocarbon; viz., Co:Haex. 

From the fraction which followed that above, a crystalline 
hydrocarbon was obtained which melted at 125-127°. The analy- 
sis and molecular weight determination indicated a formulation 
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Fic. 3. Absorption spectrum curves. X = CH hydrocarbon, O = 
CyoHis hydrocarbon, the solid line = 8-phenylnaphthalene, the dash line 
= dihydromethylcholanthrene, A = a-phenylnaphthalene. 


CooHys. The substance did not form a stable picrate. The ab- 
sorption spectrum curve obtained with this hydrocarbon is pre- 
sented in Fig. 3. 

The next fraction after special chromotographic treatment gave 
a hydrocarbon, CaH3o. The absorption spectrum of the latter, 
as shown in Fig. 2, was again very similar to that of fluorene. 
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Although the melting point of this substance, 100-101°, ap- 
proached that of the Ca4Hso hydrocarbon obtained from cevine (8), 
106-109°, the different crystalline form as well as the melting 
point depression obtained showed that they must be isomeric. 

Finally, the still higher boiling fraction (No. 12) yielded a crystal- 
line hydrocarbon which melted at 154—155° and analysis and molec- 
ular weight determinations were in agreement with the formulation 
Cx2H»o. The absorption spectrum curve of this substance in Fig. 
3 is similar to that of the above CooHis hydrocarbon. Investiga- 
tion of intermediate fractions suggested the presence also of a 
hydrocarbon C2;His but this was not obtained with certainty in 
pure form, 

Following the main chromatograph fraction which furnished the 
above hydrocarbons, later chromatograph fractions were then 
investigated. These were found to contain but relatively small 
amounts of material. One of these yielded by fractional distilla- 
tion a crystalline oxygen-containing substance which melted at 
141-145°. Analysis indicated the formulation C2oH20 or that 
possibly of a simple hydroxyl derivative of the above discussed 
Cao9He hydrocarbon. The amount of material available was 
unfortunately too small for an extended study. 

The hydrocarbons thus obtained on dehydrogenation of jervine, 
apart from the simplest C,4.Hu hydrocarbon, fall into two cate- 
gories. One of these appears to consist of homologues of a tetra- 
cyclic fluorene which may perhaps be represented as a cyclopen- 
tenofluorene by Formula V. The second group comprises the 
hydrocarbons which from the formulations appear to contain an 
extra aromatic ring and must therefore be regarded as pentacyclic. 

As above stated, the CyHy hydrocarbon must be a methyl 
homologue of the benzohydrindene obtained from cevine. Al- 
though the hydrocarbons Ci7Hie, CisHis, CioHeo, and CoasHo 
which were obtained on dehydrogenation of cevine have not been 
encountered in the degradation of jervine, the isolation of the 
hydrocarbons CepHee and CH 0 and possibly C2:Hes with absorp- 
tion curves resembling that given by the cevine hydrocarbon C,7- 
His as shown in Fig. 2 would seem to leave little doubt of their 
close relationship. This is further supported by the common 
Vanscheidt color test given by both series of hydrocarbons. 

The hydrocarbons CeoHi. and C22Heo from jervine which give a 
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modified Vanscheidt color test are apparently homologues. This 
is supported by the close resemblance of their absorption curves 
(Fig. 3) which are quite different from those of the above cevine- 
like hydrocarbons. This can be explained by an extra aromatic 
ring as shown in Formula VI. 
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Such a possibility is strongly supported by the striking similarity 
in the absorption spectrum curves of 1 ,2-benzofluorene, Formula 
VII, as reported by Mayneord and Roe (9). For comparison 
with the curve of the CsoHy. hydrocarbon, we have replotted in 
Fig. 4 the data given by these workers for this synthetic hydro- 
carbon as well as for the isomeric 3 ,4-benzofluorene, Formula LX. 
It will be seen that in the case of the latter, which is an a-phenyl- 
naphthalene derivative, there is considerable divergence of its 
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curve from that of the jervine hydrocarbon. Unfortunately, 
we have not been able to find the absorption spectrum curve for 
the 2,3-benzofluorene, Formula VIII, which, like the 1,2 isomer, 
could be considered a modified 8-phenylnaphthalene. It should 
be expected, however, that the absorption spectrum curves of these 
two hydrocarbons should bear a closer resemblance to each other 
than in the case of the 3,4 isomer. Therefore, there remains a 
definite possibility that the jervine hydrocarbons C2oHi. and 
(‘2H could be homologues of 2,3-benzofluorene as well as of 
| ,2-benzofluorene. A further suggestion may be derived from 
the data presented by Fieser and Hershberg for 6 ,7-dihydro-20- 
methylcholanthrene (10) which we have replotted for comparison 
in Fig. 3 along with the curves of B-phenylnaphthalene and a-phen- 
ylnaphthalene. It will be seen that there is again a general 
resemblance to the curves of the jervine hydrocarbons except in 
the case of a-phenylnaphthalene. It is therefore suggested that in 
the pentacyclic hydrocarbons from jervine the chromophorically 
active system is that of a modified 6-phenylnaphthalene, as repre- 
sented in Formula VI.! 

Such hydrocarbons were not encountered in the study of cevine 
and it is quite possible that their production from jervine without 
the formation of cevanthridine-like bases may be due to the dif- 
ferent course which the dehydrogenation takes of that portion of 
the molecule to which the nitrogen is attached in each of these 
alkaloids. Cevine is a tertiary amine and the nitrogen appears to 
be common to two of its rings. Jervine reacts as a secondary base 
and therefore, while apparently closely related to cevine, there 
must be a difference in the arrangement of that portion of the 
molecule in the environment of the nitrogen ring. During the 
dehydrogenation the latter can be ruptured, followed by the forma- 
tion of a new ring, perhaps bearing a resemblance in principle to 
the indirect production of methylcholanthrene from desoxycholic 
acid, 

Jervine, according to Saito, Suginome, and Takaoka (5), yields 
a tetrahydro derivative. This result we have confirmed. It 
must therefore contain at least two double bonds in the molecule. 

' A similar type of reasoning has been used by Cook, Hewett, Mayneord, 


and Roe in their comparative study of the C.; hydrocarbon from cholesterol 
and synthetic naphthafluorenes (11). 
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The ultraviolet absorption spectrum of jervine itself is repre- 
sented in the curve of Fig. 5. The general position of the maxi- 
mum of 2500 A. indicates from the experience which has gradually 
accumulated with other polycyclic substances (12) that the double 
bonds are conjugated in this alkaloid, and may not be in the same 
ring but distributed between two adjoining rings. It appears 
quite certain that jervine does not contain a benzenoid ring. 

Since only 1 of the oxygen atoms of the alkaloid has been shown 
to occur in a hydroxyl group, the remaining 2 oxygen atoms 
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Fic. 5. Absorption spectrum curve for jervine 











would appear to be of ether if not of lactone or ketone character. 
Jervine would thus appear to be at least of hexacyclic if not of 
heptacyclic character, including the oxygen-containing ring. It 
is hoped to extend further the comparative study of the degrada- 
tion of jervine and cevine as well as of other alkaloids of this 
group. 


EXPERIMENTAL 


Dehydrogenation of Jervine—10.8 gm. of jervine were ground 
with 30 gm. of selenium and the mixture was placed in a 150 ee. 
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distillation flask. The side arm of the flask was extended some- 
what and led into another flask immersed in an ice bath to serve as 
a condensing trap. The neck of the flask was extended to serve 
as an air condenser. A glass tube fitted to the top of the flask led 
to the bottom of the molten mixture and during the dehydrogena- 
tion nitrogen gas was slowly passed through the apparatus. The 
flask was heated in a salt mixture which was raised to a tempera- 
ture of 340° in approximately 0.5 hour and maintained at that 
temperature for 2 hours. 

After the dehydrogenation, the side arm of the flask was cut 
off and the contents of the ice trap were washed out with ether 
and a little water. 2 ec. of 1:1 HCl were added to the mixture and 
after shaking the ether was removed. Careful examination of the 
ether extract did not reveal anything promising and it was dis- 


TABLE I 
Fractionation of Volatile Bases 





Fr a, wees Pn mrad Pressure | oem | Micro b.p. ware &. 
. ture ture | | | Cc H 
we. *C. mm. mg. °C. | percent | percent 
] 100 68 | 10 40 164-165 | 78.10 9.20 
2 102 71 3 20 | 180 
3 120 100 0.05 50 222 79.23 9.87 
4 180 150 0.05 | 7 | 80.21 9.03 








carded, The aqueous acid layer was cooled and made alkaline 
with KOH. Ether extraction of this alkaline solution gave an 
oily basic residue after drying over KeCOs; and concentration. 
The aqueous alkaline layer was set aside to be treated as described 
below. 

The oily basic residue was placed in a 10 em. microfractionating 
column (13) and separated into four fractions (Table I). 

The boiling point and carbon figures obtained with Fraction 1 
were somewhat low for the 2-ethyl-5-methylpyridine isolated from 
cevine for which we have recorded the micro boiling point of 171°. 


CsHy,N. Caleulated, C 79.27, H 9.15; found, C 78.10, H 9.20 


However, when the picrate was prepared from this fraction and 
recrystallized twice from acetone, it formed characteristic leaflets 
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which melted at 144-145°? and showed no melting point depres- 
sion when mixed with the picrate of 2-ethyl-5-methylpyridine ob- 
tained from cevine. It appeared to be identical in every respect. 


CsHy,N-CeH,07N3. Calculated. C 47.98, H 4.03 
Found. ** 48.28, “* 3.93 


Phenolic Base—The above aqueous alkaline layer was saturated 
with CO, and then extracted with ether. The ether extract yielded 
a residue which was dissolved in a little benzene and then treated 
with bone-black. The filtrate in turn gave a residue of 0.18 gm. 
It crystallized from ether in stout square plates which melted at 
145-147°. It coupled with diazotized sulfanilic acid to give an 
orange color on the acid side which changed to a lighter shade 
when made alkaline. When dissolved in dilute acetic acid, it 
gave a rather weak red-brown color with ferric chloride. 


CsH,ON. Calculated, C 70.02, H 8.08; found, C 69.99, H 7.92 


The residue in the dehydrogenation flask was finely pulverized 
and well extracted with ether. The ether extract was concentrated 
to about 100 cc. and then extracted with 50 ec. of 10 per cent 
HCl. A dark tar precipitated. The ether layer was separated 
and set aside to be treated for the hydrocarbons as described below. 
The tar suspended in the acid solution could easily be extracted 
with chloroform. After extraction with this solvent, practically 
nothing remained in the acid solution. The chloroform solution 
was extracted with 10 per cent NaOH and dried over KeCQs. 
Upon evaporation to dryness a residue of 1.6 gm. was obtained. 
This corresponds to the cevanthridine fraction in the dehydrogena- 
tion of cevine. However, nothing crystallized readily from it 
and it was set aside to be studied more carefully at some future 
time. 

The ether solution which contained the hydrocarbon fraction 
was dried and evaporated to dryness. It weighed 4 gm. It was 
dissolved in 70 cc. of benzene and the solution was passed through 
a column prepared with 300 gm. of Brockmann’s alumina. When 
material began to emerge with the solvent, 150 cc. were collected. 
This fraction yielded 3 gm. of partially crystalline material. This 


* All melting points reported are micro melting points. 
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was further fractionated by distillation as described below. The 
next 100 ce. of solvent contained only 200 mg. of oil which was not 
further investigated. The next 100 ec. contained 100 mg. of 
material which was partially crystalline. This was dissolved in 
ether, treated with a little bone-black, and the filtrate was evap- 
orated until crystallization began. 35 mg. of a crystalline sub- 
stance which melted at 110-140° were collected. A further re- 
crystallization yielded long needles which melted at 141-145°. 
There was not sufficient material for further examination. The 
analytical data agreed with those required by a simple oxygen 
derivative of the CooHee hydrocarbon described below. 


CooH2O. Calculated, C 86.28, H 7.97; found, C 86.38, H 8.08 


The above 3 gm. fraction of mixed hydrocarbons was placed in a 
sublimation apparatus under 0.2 mm. pressure and all was col- 
lected which sublimed at a temperature up to 200°. The distillate 
was then placed in a fractionating apparatus which had a column 
22 em. in length. 

The results of the fractionation are given in Table LI. 

CyH\, Hydrocarbon—Fraction 1 when treated with 50 mg. of 
picric acid in alcoholic solution crystallized. After two recrystal- 
lizations from alcohol, broad flat orange needles were obtained 
which melted at 87-89°. 


CygHya-CeH;:0;N;. Calculated. C 58.37, H 4.16 
Found. ** 58.18, ** 3.86 


A suspension of the picrate in ether was extracted with 2 per 
cent NaOH. The colorless ether solution was dried over KeCO, 
and then concentrated. 22 mg. of an oil were obtained which had 
a yellow-blue fluorescence. It could not be induced to erystallize 
and was distilled at about 105° under 0.5 mm. pressure. 


Cy,Hy,. Caleulated, C 92.26, H 7.74; found, C 92.30, H 7.64 


The absorption spectrum of this material resembled closely that 
of 5,6-benzohydrindene. 

Coole Hydrocarbon—-Fraction 3 was recrystallized directly from 
ether at —20°. 42 mg. of thin rectangular plates were collected 
which melted at 73-78°. Two additional recrystallizations did 
not alter the melting point appreciably and the final material 
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consisted of needles or rectangles. It appeared to be dimorphic, 
since it began to melt at 73° but was not entirely molten until 79° 
was reached. However, when the melt was heated above 79° 
and then allowed to crystallize, it showed a sharp melting point of 
79°. 
CopHos. Calculated. C 91.54, H 8.46, mol. wt. 262.18 
Found, *2.4 "6h *. * oes 


The molecular weight was determined by the Rast method in 


camphor. 
TABLE II 
Fractionation of Jervine Hydrocarbons 
Fraction No. aa. aimee Preasure — | 
@. €. mm. mg 
190 150 0.5 | Oil 
2 195 150 0.4 | - 
3 200 170 0.35 Crystals 
4 210 175 0.3 = 
5 215 185 0.3 1380 
6 220 185 0.3 180 
7 220 185 0.3 125 | 
8 220 185 0.3 15 | 
9 220 185 0.3 15 | 
10 220 190 0.3 92 
ll 2 195 0.3 90 
12 225 195 0.3 125 - 
13 240 200 0.3 150 
14 250 205 0.3 } « 
15 260 220 0.3 | = 
16 260 220 0.1 Oil 


CoH is Hydrocarbon—Fraction 6 was dissolved in ether and the 
solution was filtered from a slight amount of selenium. The 
concentrated filtrate crystallized at —20°. After recrystallization 
from ether, rosettes of heavy, pointed crystals were obtained which 
melted at 125-127°. 

CooHie. Calculated. C 93.70, H 6.30, mol. wt. 256.13 
257.7 


Found. “ 93.56, “ 6.07, “ “ 
“ “« 93.75, “ 6.21 


The molecular weight was determined in camphor. 
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This substance would not form a picrate of stable composition. 
The hydrocarbon itself crystallized from equimolecular proportions 
of picric acid and the substance dissolved in any one of a number of 
solvents which were tried. 

CxHe Hydrocarbon —Fraction 5 did not give satisfactory mate- 
rial when the attempt was made to crystallize it directly from any 
solvent. It was therefore chromatographed in isohexane solution 
with Brockmann’s alumina. The substance which passed through 
the column with the original solvent weighed 30 mg. and crystal- 
lized rather sharply from ether at — 20° in well shaped thin leaves. 
There was not sufficient material to permit carrying the purifica- 
tion further. It melted at 70-81°. 


CuHy. Calculated. C 91.24, H 8.76, mol. wt. 276.19 
Found. “aig, * ie" .~, ae 


The molecular weight was determined in camphor. 

The absorption spectrum of this substance showed a resemblance 
to that of fluorene but was displaced somewhat. The next 60 mg. 
of material coming from the chromatograph gave a crystalline 
hydrocarbon which corresponded in properties with the CooHs. 
hydrocarbon reported above from Fraction 6. 

CyuH3 Hydrocarbon—-Fraction 7 could not be crystallized 
directly from any solvent in a satisfactory form. It was therefore 
chromatographed as in the case of Fraction 5. The first 30 mg. of 
material which emerged from the column yielded closely packed 
crystals which melted at 91-98°. After recrystallization from 
ether, rosettes of feathery curved needles were obtained which 
melted at 100-101°. 


CuHso. Calculated. C 90.50, H 9.50, mol. wt. 318.24 
Found. ‘¢ 90.71, “* 9.32, “* 318.4 


The molecular weight was determined in camphor. 

The material coming from the succeeding chromatograph frac- 
tion crystallized sharply and appeared to be identical with the 
CooHig hydrocarbon from Fraction 6. 

CH Hydrocarbon—Fraction 12 as directly obtained melted 
from 105-135°. After several recrystallizations from ether broad 
leaves were obtained which melted at 154-155°. Fraction 13 gave 
the same substance. 








| 
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CoxHoo. Calculated. C 92.91, H 7.09, mol. wt. 284.18 
Found. “ 93.19, “ 6.95, “ “ 278.4 
xi “ 92.88,“ 7.04, “ “ 274.8 
The molecular weight was determined in camphor. 
This substance did not yield a picrate of constant composition 
but readily dissociated into the hydrocarbon and picric acid. 
In the case of Fractions 10 and 11, it was difficult to obtain 
homogeneous material. The presence, however, of a hydrocarbon 
é (His was suggested. The melting point of this material was not 
! sharp but was in the region of 145-150°. 
’ CyHis. Calculated. C 93.28, H 6.72, mol. wt. 270 
: Found. * __ 2%. — ~ tae 
i 6h cor ~~ * SS 
The molecular weight was determined in camphor. 
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The alkaloids of the Aconitum species have been found to fall 
into two categories, the highly toxic aconitines and the much less 
toxic, simpler alkamines such as atisine (1, 2), napelline (3), 
lucidusculine (4), and the more recently discovered kobusine (5). 
Although nothing has been accomplished as yet to establish any 
relationship between the two groups of alkaloids, their common 
occurrence in the related species of plants is suggestive of such 
relationship. Since the simpler alkaloids with fewer oxygen atoms 
should lend themselves more readily to degradative study, we 
have investigated the possibility of the occurrence of other al- 
kaloids especially of this simpler group in the mother liquors which 
had accumulated in our isolation of delphinine from the seeds of 
Delphinium staphisagria (of commercial origin). In the older 
literature mention has been made of the occurrence of another 
crystalline alkaloid, delphisine (1, 2), a possible isomer of delphi- 
nine. Such an alkaloid has not been encountered in our work but 
the delphinine mother liquors were found to contain a relatively 
large amorphous fraction of alkaloids. 

Following preliminary attempts by direct crystallization from a 
number of solvents, the use of the chromatographic procedure was 
found to yield the sharpest results. When a solution of the amor- 


*Our previous three papers on delphinine were presented under the 
heading, ‘‘Delphinine. I to III.’’ Because of the expanding character of 
the general problem, all of these in future will be given under the heading, 
“The aconite alkaloids,’’ Papers I to III of which have already appeared. 
The present paper, therefore, is Paper VII in the series. 
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phous alkaloids in benzene was passed through activated alumina, 
it was found that the first material to emerge could be crystallized 
readily from acetone. The yield of crystalline material in the first 
chromatograph fractions amounted to about 14 per cent of the 
amorphous fraction employed. Analysis of the different fractions 
indicated that we were dealing principally with a single alkaloid 
which crystallized from acetone as stout needles which did not 
possess a sharp melting point (200-208°). The rotation in | per 
cent benzene solution varied with different fractions or prepara- 
tions at the most between [a], = —152° and —162° and prac- 
tically within the limit of observational error. The trivial name 
staphisine has been adopted. 

The analysis of many samples of this substance fluctuated but 
little between the limits of 82.13 and 82.85 per cent for carbon, 
9.47 and 9.77 for hydrogen, and 4.35 and 4.6 for nitrogen. No 
certain formulation was suggested by these figures. The molec- 
ular weight determinations in camphor varied from 538 to 572. 
The active hydrogen determination showed a practically negative 
result. The alkaloid contained oxygen and appeared to be an 
ether, since it did not react with hydroxylamine. It formed 
crystalline salts. Of these the nitrate, hydrochloride, and hydro- 
bromide were readily obtained. The analyses of these salts while 
showing some variation appeared to suggest a formulation based 
on that of CosH3,ON for the alkaloid itself. The possibility per- 
sisted that the so called staphisine could still be a persistent mix- 
ture of bases which are very difficult to separate. As a check on 
such a possibility, a special attempt was made to fractionate the 
alkaloid through its salts. This was accomplished first by conver- 
sion into the nitrate. The base which was obtained from the 
nitrate was fractionally crystallized. The first crystalline portion 
(C 82.62, H 9.73) was converted into the hydrochloride which 
was allowed to crystallize in fractions. The bases liberated 
from the successive hydrochloride fractions gave the following 
analyses: C 82.85, H 9.77 and C 82.38, H 9.54. No significant 
change in rotation was observed; viz., [a], = —158° and — 162°. 

In view of the persistent discrepancy in the analytical results 
obtained with the alkaloid itself and with its salts which were in 
approximate agreement among themselves, it appears possible 
that the parent alkaloid may possess the formula C22H;,ON but 
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readily undergoes partial condensation between 2 molecules to 
form an ether or anhydro compound, CyHeoONe, which forms an 
equilibrium mixture with the simpler alkaloid. In the case of the 
salts this equilibrium may be shifted in favor of the simpler 
hydroxy alkaloid itself. Though we do not suggest a direct 
analogy, the experience with this alkaloid recalls to mind such a 
bimolecular alkaloid derivative as pseudomorphine. Further 
study of our alkaloid will be required to establish the exact nature 
of the apparent mixture. 

The alkaloid is tertiary and contains an N-methyl group and no 
methoxyl group. From its behavior on hydrogenation, it is un- 
saturated, but it proved to be difficult to measure the degree of 
unsaturation accurately. 

The absorption approximated the requirements of one double 
bond on the Cg: basis. Only a relatively small yield of a crystalline 
hydrogenation product could be isolated. As in the case of the 
staphisine used, the molecular weight determination was in agree- 
ment with a bimolecular formula. The analytical results sup- 
ported such a formulation; viz., CasHeONe. However, the general 
character of the ultraviolet absorption spectrum curve! obtained 
(Fig. 1) is definitely suggestive of the presence of two conjugated 
double bonds in the molecule. The position of the peak at 2670 
A. is more suggestive of two double bonds contained in one ring 
than in adjoining rings. Whether these conjugated double bonds 
occur in the so called parent alkaloid, C22xH3,ON, as such and there- 
fore twice in the bimolecular alkaloid or only once in the latter 
cannot be decided as yet. With methyl iodide the reaction ap- 
peared to proceed in stages. The study of this reaction has not 
been entirely satisfactory because of analytical discrepancies which 
have been difficult to interpret. It appears, however, that the 
methylation slows up at an intermediate stage with formation of a 
monomethiodide of the ether, CyHeeONe. This on longer heating 
with the reagent is completely methylated. Here again the 
analytical data showed some divergence from any consistent the- 
oretical basis. Whereas the figures for the monomethiodide 
approached somewhat those required by the formula CyHeoONe-- 
CHI (or CyHssON2-CH3I?), those of the completely methylated 

‘The absorption spectra curves were very kindly determined by Dr. 
George I. Lavin of the Rockefeller Institute. 
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base approached the figures of the methiodide of the simpler 
hydroxy alkaloid, C2:HsON (or CoHeON?) with the formulation 
CoH, IN -CHsgl (or Co; Hog ON -( ‘HsI). 

In spite of the difficulty in deciding the question of the homo- 
geneity and formulation of the alkaloid itself, it was apparent that 
it must belong in the same general category of alkaloids which 
includes atisine, napelline, etc. Since it can contain at most only 
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Fic. 1. Absorption spectrum curves. @ = staphisine, O = CisHy 
hydrocarbon, X = C; :H2o hydrocarbon, the solid line = phenanthrene. 





1 oxygen atom and less than all of the other known alkaloids of this 
group which contain 2 or more oxygen atoms, it gave promise of 
being especially suitable for degradation experiments. 

Aconitine and delphinine which contain so many hydroxyl 
groups have proved to be exceedingly difficult objects for degrada- 
tive study. This has been especially true in all attempts to dehy- 
drogenate them with selenium. On the other hand, in the case 
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of atisine, dehydrogenation has been reported by Lawson and 
Topps (1) to have yielded in addition to several nitrogen-contain- 
ing substances a hydrocarbon mixture from which a hydrocarbon 
Cy7Hie was isolated, possibly a substituted phenanthrene. Freu- 
denberg and Rogers (3) have reported also the isolation of a hydro- 
carbon Cy7Hi. from napelline which they believed to be identical 
with that obtained from atisine. 

We have made a preliminary study of the dehydrogenation of 
staphisine. Even if its homogeneity may be in question, the 
mixture could consist only of closely related alkaloids all built on 
the same ring system. The products of the reaction consisted of a 
basic and a neutral fraction. Investigation of the basic fraction 
has been for the time deferred. The neutral fraction consisted 
principally of a mixture of hydrocarbons. After preliminary 
chromatographic purification individual substances were separated 
by careful fractional distillation and a series of hydrocarbons was 
obtained. The first of these was isolated from a lower fraction 
first as the picrate which melted at 129-131°. The hydrocarbon 
regenerated from this melted at 78-81°. Analysis indicated a for- 
mulation CysHy. The ultraviolet absorption spectrum was charac- 
teristic of a phenanthrene. A comparison of the curve of this 
substance with that of phenanthrene? itself is given in Fig. 1 along 
with the curve of the C;3H2o hydrocarbon to be discussed below. 
Later fractions yielded a second hydrocarbon which was also puri- 
fied as the picrate which melted at 153-155°. The hydrocarbon 
obtained from this did not melt sharply (55-63°). The analyses 
obtained from it and its picrate agreed with those of a tetramethyl- 
phenanthrene and its derivative. 

A hydrocarbon was contained in larger amount in still later 
fractions which gave a picrate melting at 142-144°. The regen- 
erated hydrocarbon melted at 53-57°. Analyses of the picrate 
and of the hydrocarbon approximated the figures required for 
either a tetramethyl- or pentamethylphenanthrene, C,sHis or 
CisHao. Although the absorption curves of this and the preceding 
hydrocarbon have not been included in Fig. 1, visual comparison 
of the photographic plates taken of their continuous spectra ob- 
tained with a hydrogen discharge tube as light source with those of 


* The curve of phenanthrene was replotted from the data of Mayneord 
and Roe (6). 
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phenanthrene and the hydrocarbon C;,H2»9 discussed below left no 
doubt that they must all be phenanthrene derivatives. An appre- 
ciable fraction followed the above hydrocarbon which yielded a 
crystalline hydrocarbon. The latter, contrary to the previous 
hydrocarbon, crystallized directly from ether. It melted at 73-75° 
and gave a picrate melting at 143-144°. Analysis fitted definitely 
with the figures for a pentamethylphenanthrene. The absorption 
spectrum curve of this hydrocarbon is presented in Fig. 1. 

Among the last fractions a possible hexamethylphenanthrene, 
CooHe2, was obtained. Its picrate formed orange needles which 
melted at 135-137°. The hydrocarbon liberated from this was 
only partly crystalline, so that its homogeneity was in question. 
Finally, a picrate was obtained from a final fraction, analysis of 
which agreed with the figures of a heptamethylphenanthrene but 
the amount available was too small for careful study. 

From the above observations it appears to be definite that the 
hydrocarbon dehydrogenation products of staphisine are poly- 
methylphenanthrenes, the individual identities of which remain 
to be determined. This result is in harmony with the conclusion 
that the probably related alkaloids atisine and napelline yield a 
hydrocarbon Ci;His which has been regarded as a polymethyl- 
phenanthrene. However, as far as we have been able to find, no 
spectroscopic studies of the latter have been made to substantiate 
this conclusion. In the case of staphisine we have not obtained 
evidence of the presence of a Ci;His hydrocarbon among its dehy- 
drogenation products. In addition, there has been no suggestion 
of the production of any hydrocarbons analogous to the polycyclic 
fluorene hydrocarbons obtained from the veratrine alkaloids 
cevine and jervine and which give a Vanscheidt color test. It 
appears, therefore, that the phenanthrene ring system may be an 
essential portion of the make-up of staphisine and related alkaloids 
which in turn may be found to include the highly toxie alkaloids 
of the aconitine and delphinine group. 

Finally, it should be recorded that a second very sparingly 
soluble alkaloid was encountered in very small yield from several 
fractions which came much later than staphisine in the chromato- 
graph separation. This alkaloid was encountered first because 
of its very sparing solubility in acetone and ether. It melted 
with decomposition at 300°. No formulation has been derived 
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for it. Analysis showed C 80.69, H 8.84, N 4.43. It proved to be 
too sparingly soluble in camphor for a satisfactory molecular 
weight determination. 


EXPERIMENTAL 


15 gm. of the amorphous alkaloid mixture which resulted from 
the concentration and desiccation of the mother liquors from the 
preparation of delphinine were dissolved in 100 ec. of benzene and 
chromatographed through 500 gm. of activated Al,O; (Merck and 
Company, Inc., Rahway). Since elution of the column thirteen 
times with 100 ce. portions of benzene gave no residue, the eluent 
was changed to 1 per cent methyl alcohol in benzene. In this 
case also only very small amounts of substance totaling 0.3 gm. 
had begun to appear. Again the eluent was changed to 2 per 
cent methyl alcohol in benzene. The twenty-fourth fraction of 
100 cc. of eluent withdrawn from the column yielded 0.24 gm. of 
residue which crystallized readily from the concentrated acetone 
solution. 0.16 gm. of crystals was collected which was recrys- 
tallized by concentration of the solution in hot acetone. It 
formed aggregates of prisms or needles which sintered above 170°, 
then gradually softened to a resin at about 195°, and melted at 
205-208°.8 

[a]> = —159° (c = 1.09 in benzene) 
CuHeoON>s. Calculated. C 83.48, H 9.56, N 4.43, N(CH;) 4.75 


CxH;,0N. - “Si. ~ $6, " 233. " 4.61 
Found. “* 82.36, ‘* 9.47 


The next fraction from the chromatograph yielded 0.41 gm. of 
residue which gave 0.29 gm. of crystals from acetone. The fraction 
which followed gave similarly 0.49 gm. of residue which erystal- 
lized readily from acetone. Yield,0.4 gm. After recrystallization, 
it melted at about 208° after preliminary softening at from 
175-180°. 

Found. C 82.13, H 9.54, N 4.48 


The succeeding fraction gave 0.4 gm. of crystals which after 
recrystallization melted at 200-202° after preliminary softening. 
Found. C 82.19, H 9.61, N 4.51, 4.62 


* All melting points given are micro melting points. 
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The molecular weight determined in camphor was 572.5. The 
Zerewitinoff determination showed but a trace of active H. 


16.00 mg. substance: 0.07 ec. CH, (24°, 741 mm.) ; 0.27 cc. at 90°, 741 mm. 

Found at 90°, 0.068 

The next fraction gave similar results. Finally, the twenty- 
ninth fraction gave 1.4 gm. of residue. From this, however, only 
0.3 gm. of crystalline alkaloid was obtained from acetone. After 
recrystallization, it separated as needles which melted at 198-202° 
after preliminary sintering above 188°. 

[a]> = —152° (c = 0.98 in benzene) 
Found, C 82.17, H 9.52; C 82.32, H 9.58 


This substance appeared identical in all respects with the 
material obtained from the very first crystalline fraction and 
showed no melting point depression. 

The methoxyl and N-methyl determinations on several samples 
of alkaloid were as follows: 


Found, (a) OCH; 1.26, N(CH;) 5.14; (b) OCH; 1.36, N(CH;) 5.14 


In later experiments it was found possible to simplify the 
chromatographic separation by the use of much less AlO;. When 
50 gm. of the amorphous alkaloid fraction were dissolved in 100 
ec, of benzene and passed through 600 gm. of alumina, it was not 
necessary to add methyl alcohol to the benzene. After 700 ec. 
of benzene had passed through the column, alkaloid began to 
emerge. A definite zone appeared with the subsequent 400 ec. 
of eluent which contained 8.65 gm. of alkaloid. This crystallized 
readily from acetone in a yield of 5.9 gm. 

For later experiments 35 gm. of alkaloid obtained in this manner 
were recrystallized by solution in 100 ec. of benzene followed by 
the addition of an equal volume of acetone. 17.5 gm. of staphisine 
were obtained in this fraction. 

[a]> = —159° (c = 1.16 in toluene) 
Found, C 82.58, 82.73, H 9.71, 9.57, N 4.33, mol. wt. 538 


A second fraction of 12.4 gm. was obtained from the mother 


liquor. 


la]h = —156° (c = 1.08 in toluene) 
Found, C 82.29, H 9.62, N 4.37, mol. wt. 569 
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Staphisine did not appear to react with hydroxylamine, since 
it was recovered unchanged. When heated with methyl] alcoholic 
HCl deep seated alteration occurred and no crystalline material 
could be recovered. 

When heated with a 10 per cent methyl alcoholic KOH solution 
it remained mostly undissolved. After heating at 100° for 24 
hours the collected material was recrystallized by solution in 
benzene, addition of methyl alcohol, and concentration. The 
substance had all the properties of staphisine. 


C 82.61, H 9.74 


Attempt to Fractionate Staphisine—5 gm. of staphisine [a]? = 
—159° (c =1.16 in toluene) were dissolved in a solution of 7 ce. 
of acetic acid in 150 ec. of H,O. 25 ec. of 10 per cent HNO; 
were carefully added with shaking. The initial turbidity each 
time rapidly dissolved but was soon followed by copious separation 
of lustrous leaflets of the nitrate. 

For analysis the salt was dried at 120° and in vacuo. 


Ca2HsON -HNO;. Calculated. C 67.99, H 8.31, N 7.22 
CuHwON2-2HNOs. 7 ** 69.61, “‘ 8.24, “* 7.39 
Found. * 67.43, “© 8.17, “ 7.14 


After recrystallization from hot water, it formed lustrous 
long platelets which softened to a resin at 236-243° with dis- 
coloration. 

In the case of the second analysis which follows the salt was 
dried at 150° in vacuo. 


C 67.84, H 8.21, N 7.02; C 68.10, H 8.22, N 7.12 


The major portion of the nitrate was decomposed by continued 
shaking of the suspension in dilute NaOH with benzene until 
completely decomposed. The concentrated solution of the base 
in about 10 ce. of benzene was diluted with 20 ec. of acetone. The 
base crystallized readily as small needles which were collected with 
a benzene-acetone mixture. 2.1 gm. were contained in this 
fraction. 


Found. C 82.62, H 9.73 


2 gm. of the recovered alkaloid were suspended in methyl 
alcohol, and with chilling, HC] (1.19) was added drop by drop 
until solution was complete and the mixture was just acid to litmus. 
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The clear solution was concentrated in vacuo to remove the solvent. 
On addition of water to the syrupy residue crystallization of the 
salt began which soon formed a thick pap. This was redissolved 
by heating and in a volume of 15 to 20 ce. allowed to crystallize 
slowly. It finally became a mass of delicate needles. If chilled 
too quickly, it partly gelatinized. The yield of dry salt was 
0.72 gm. 

For analysis the salt was dried in vacuo at 120°. The dried salt 
was somewhat hygroscopic. 

CH ,ON-HCl. Calculated. C 72.99, H 8.92, Cl 9.90 


CyuHeON:-2HCi. ” ‘© 74.85, ‘* 8.86, “* 10.05 
Found. Shin, *- 3, * 77 
- “rs °° 6H 


This fraction was then recrystallized from water. 
Found. C 73.84, H 9.08, Cl 9.96 


The melting point varied with the rate of heating. When 
placed in the bath above 200°, it softened above 248° and effer- 
vesced at 256°. 

The mother liquor from the first fraction of hydrochloride 
gradually deposited a second crop which increased by gradual 
cooling to 0°. After standing overnight the lustrous leaflets were 
collected by centrifugation. The yield was 0.45 gm. This 
fraction softened above 260° and effervesced at 265°. 

Found. C 73.70, H 8.94, Cl 10.11 


The alkaloid was recovered from each of these fractions of 
hydrochloride by decomposition in aqueous solution with alkali 
and extraction with benzene. The greatly concentrated solution 
was diluted with acetone. In each case copious crystallization 
of the regenerated alkaloid occurred. 

The alkaloid from the first hydrochloride fraction showed [a]? = 
—158° (« = 1.11 in toluene) and gave the following analysis. 

Found. C 82.85, H 9.77 


The alkaloid from the second hydrochloride showed [a]? = 
— 162° (c = 0.98 in toluene) and gave the following analysis. 


Found. C 82.38, H 9.54 


The alkaloid which was recovered from the mother liquor of the 


second hydrochloride fraction gave similar figures. 
Found. C 82.31, H 9.72 
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It is thus apparent that no significant separation of any possible 
individual alkaloids was accomplished by this procedure. 

The hydrobromide of staphisine was also prepared. This 
salt separated by the addition of a drop of water to its concentrated 
solution in acetone followed by ether. It crystallized with water 
of crystallization as minute leaflets which softened to a resin at 
255-258°. 

For analysis it was dried at 120° in vacuo. The result was not 
altered by drying at 150°. 

Cx2H ON -HBr. Calculated. C 65.00, H 7.94, Br 19.68 
CasH@ON?2- 2HBr. ” ** 66.47, ‘* 7.87, ** 20.12 


Found. ** 64.95, “* 7.92, “ 20.45 
Fs ** 64.97, “ 7.84 


Hydrogenation of Staphisine —0.2 gm. of the alkaloid was hydro- 
genated under 3 atmospheres pressure with 50 mg. of platinum 
oxide catalyst (Adams and Shriner) in methyl alcohol to which a 
drop of concentrated HCl had been added. Without HCl, 
hydrogenation did not appear to go beyond the reduction of the 
catalyst. After reduction of the catalyst the absorption was 
gradual but practically completed within 2 hours. However, the 
operation was continued for 24 hours. The absorption beyond 
the catalyst requirements was about 12.5 ce. or not quite 1 mole for 
the formula C22.H;,ON or 2 moles for the double formula CyHgcONz. 
After recovery of the base from the reaction mixture it formed a 
resin which slowly crystallized from acetone. 47 mg. were ob- 
tained. After recrystallization by solution in benzene and con- 
centration followed by addition of acetone to remove the benzene, 
it gradually crystallized as minute clusters of micro crystals 
followed by large broad needles possibly of an isomeric substance. 

The following analyses are for different preparations. Although 
they were in fair agreement, the melting points of the individual 
preparations varied from 205-209° to 252-254°. Either a varying 
mixture of isomers was responsible for this or the substance is 
polymorphic. It did not contain solvent of crystallization. 


CyuHesONs. Calculated. C 82.95, H 10.13, mol. wt. 636.53 
CyHyON. ” ** 80.67, “ 10.16, ‘ * 327.26 
Found. (a) ‘* 82.50, “ 10.08, “ ** 664 
“ (b) ‘* 82.19, ** 10.08 
_ (c) ‘* 81.52, ** 10.15, mol. wt. 642 
- (d) ‘“* 82.44, ** 9.78 
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Although like the parent base it reacted with methyl iodide, the 
resulting product could not be crystallized. 

Staphisine and Methyl Iodide—The reaction between the 
alkaloid and methyl iodide appeared to go in two stages but the 
interpretation of the reaction is not certain. 

0.33 gm. of staphisine was sealed with several cc. of methyl 
iodide. On reaching room temperature, the chilled gelatinous 
mass formed a clear solution but rapidly began to deposit crystals. 
The mixture was heated at 100° for 2 hours. The contents of the 
tube consisting of a pap of leaflets and needles were collected with 
benzene. 0.17 gm. was obtained. This fraction was recrystal- 
lized from a methyl alcohol-ether mixture. The substance con- 
sisted chiefly of aggregates of needles with a few scattered minute 
prisms and effervesced at 250° after gradual softening above 240°. 


CuHwON2-2CH;I. Calculated. C 60.24, H 7.26, I 27.70, N(CH;) 6.56 


CaHsON -CH,I. " ** 59.08, ** 7.33, ‘27.17, “ 6.43 
CuH»ON-CH,I. ‘5 “84,° 73,°SRa, ™ 6.63 
Found. ** 58.98, “* 7.41, “28.25, “ 6.22 


In the procedure for OCH; determination, only 1.13 per cent 
was found which apparently was due to the N(CHs) group. 

The mother liquor from the above reaction product gave a resin 
on concentration which crystallized from acetone. This proved 
to be much less soluble in methyl] alcohol than the above substance. 
On recrystallization from this solvent, it formed minute four- 
sided platelets or prisms. 

From the analysis it was not possible to decide whether the 
substance was the monomethiodide of the bimolecular base, 
CuHeoONe (or CeHsON-s) contaminated with other substances or 
a homogeneous substance with another formulation. 


CyuHwON:-CHsl. Calculated. C 69.73, H 8.20, I 16.39, N(CH;) 5.82 
CweHsON2-CHsl. _ ? aia tae, eee oF 6.04 
Found. =-Gse° Sly, “ae 6.37 


The OCH; found was negligible; viz., 0.88. 

After two recrystallizations from methyl alcohol, no appreciable 
shift could be detected. It effervesced at 255° after softening 
above 245°. 


Found. C 68.60, H 8.34, I 17.20 


























W. A. Jacobs and L. C. Craig 79 


A 0.1 gm. sample of the second reaction product was heated 
longer with methyl iodide for 16 hours at 100°. At first it almost 
all dissolved but this was gradually followed by a deposit of erys- 
tals. The collected material (0.12 gm.) was recrystallized from a 
methyl alcohol-ether mixture. 88 mg. were obtained which 
effervesced at 250°. 


Found. C 58.40, H 7.29, 1 27.96 


When the reaction was continued at 100° for 60 hours, a similar 
result was obtained, although accompanied by some decomposition. 

When staphisine and methyl iodide were allowed to stand at 
room temperature for 24 hours, lustrous, four-sided platelets 
separated which softened gradually to a resin from 240—250°. 

The substance was dried in vacuo at 100°. 


Found. C 69.37, H 8.22, I 16.35 


In another experiment the reaction product between staphisine 
and methyl iodide at 100° was dissolved in hot water containing 
dilute acetic acid. On cooling, copious crystallization of minute 
needles occurred; these were collected with water. 

For analysis the substance was dried in vacuo at 110°. 


Found. C 58.78, A 6.83, I 27.29, 27.56 


Dehydrogenation of Staphisine-—-20 gm. of staphisine were well 
mixed with 60 gm. of selenium and the mixture was heated in an 
apparatus such as that previously employed and through which a 
steady stream of nitrogen was passed. The temperature was 
raised to 340° in approximately half an hour and held there for 
2 hours. 

The volatile material which condensed in the ice trap has not 
thus far yielded to study but this will be continued. The residue 
from the dehydrogenation was finely pulverized and well extracted 
with ether. Upon evaporation of the ether a residue of 13.5 gm. 
was obtained. It was dissolved in 100 ec. of ether and 50 ee. of 
10 per cent HCl were added. After shaking, the neutral ether 
extract was separated from the resinous aqueous mixture and 
set aside to be treated as described below. The resinous solid 
material in the aqueous layer was extracted with chloroform. 
Nothing further could be obtained from the acid aqueous layer. 
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The chloroform solution was shaken with dilute NaOH and then 
evaporated to dryness. The residue contained 6.5 gm. of basic 
material which has not been investigated thus far. 

The above neutral ether extract was dried over KeCO; and 
evaporated to dryness. Benzene was then added and the evapora- 


TABLE I 


Fractionation of Hydrocarbon Mizture 


Prestion mM A sentonong phe oF Physical character — 
—_ ture ture — . 
( H 
°C Cc mg per cent per cent 

1 180 130 60 Oil 89.37 9.47 
2 | 183 132 100 “ 89.99 | 10.03 
3 183 140 100 Crystals 90.99 8.83 
4 | 183 147 170 “ 92.10 7.92 
5 185 153 160 he 92.09 7.88 
6 185 160 130 - 92.09 7.92 
7 185 160 130 Oil 

8 190 166 130 - 

9 191 171 130 Crystals 92.17 7.78 
10 191 172 130 Oil 

ll 191 172 130 = Crystals 91.84 8.06 
12 191 172 130 oe 

13 19] 172 130 é 91.80 8.17 
14 19] 172 130 ss 

15 191 172 130 sts 91.99 8 07 
16 191 172 130 - 

17 191 172 130 “ 91.93 7.98 
18 191 72 110 Oil 

19 193 167 130 Crystals 91.82 8.28 
20 193 167 130 . 

21 195 167 130 Oi} 90.79 8.07 
22 200 170 130 - 00.78 8 30 
23 220 205 130 Crystals con- 


taining Se 


tion repeated. ‘The residue was then dissolved in 75 ec. of benzene 
and chromatographed with 500 gm. of activated alumina in 
benzene. As soon as material began to emerge from the column, 
175 ce. were collected. This yielded 3.83 gm. of oily residue which 
was placed in a sublimation apparatus and distilled up to a bath 
temperature of 200° under 0.2 mm. pressure. The distillate 
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weighed 3.3 gm. This was fractionated in a microfractionating 
apparatus with a column 22 em. in length and under 0.2 mm. pres- 
sure. The fractionation data are given in Table I. 

Fractions 1 and 2 appeared from the analysis to consist mostly 
of incompletely dehydrogenated material and could not be crys- 
tallized. Fractions 3 and 4 both yielded a crystalline identical 
picrate. 

Dimethylphenanthrene, CH, Fraction 4 was treated with 100 
mg. of picric acid in benzene and the mixture was chilled to 8°. 
130 mg. of yellow needles were obtained which melted at 122-126°. 
After recrystallization from acetone at —20° the material melted 
at 129-131°. 

CyeHig- CoHyO7N3. Calculated. C 60.66, H 3.93 
Found. ** 60.66, ‘* 3.93 


The picrate was decomposed with ether and 2 per cent NaOH 
solution. The hydrocarbon residue obtained from the ether 
extract was distilled under reduced pressure. The crystalline 
distillate melted at 78-81° with previous sintering at 73°. It 
showed the characteristic absorption spectrum of a phenanthrene 
hydrocarbon (Fig. 1). 


CisHyy. Calculated. C 93.15, H 6.85, mol. wt. 206.11 
Found. ‘ta - =. - ae 


The molecular weight was determined in camphor by the Rast 
method. 

The Hydrocarbon CysH\3-—Both Fractions 5 and 6 gave fair 
analytical data without further purification for a hydrocarbon, 
C,sHis. Upon further examination both proved apparently to be 
mixtures of isomeric substances but yielded the same picrate. 
Fraction 6 was treated with 100 mg. of picric acid and the mixture 
crystallized from acetone at —20°. 95 mg. of picrate were ob- 
tained which melted at 133-144°. After two recrystallizations 
from acetone, the light orange needles melted at 153-155°. 

CysHig-CeHsO;N;3. Calculated. C 62.18, H 4.56 
Found, “© 62.10, ** 4.52 
r “* 61.95, “* 4.13 

The hydrocarbon recovered from the picrate was an oil. After 

distillation the material, although still an oil, could be crystallized 
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from isopentane. Since it melted at a low temperature, it was 
redistilled under reduced pressure in order to remove the solvent. 
The distillate as such melted at 55-63°. There was not sufficient 
material for further recrystallization. 


CisHis. Calculated, C 92.25, H 7.75; found, C 91.94, H 7.60 


The Hydrocarbon CysH 3 or Ci 9Heo(?)—Upon investigation 
Fractions 9 to 14 appeared to consist in largest part of the same 
hydrocarbon. The material directly from the still gave analytical 
data in somewhat better agreement with the C,sH;s formula and 
was undoubtedly a mixture of closely related substances. 

Fraction 9 with 100 mg. of picric acid was crystallized from 
acetone at —20°. 140 mg. of orange needles were obtained which 
melted at 136-139°. After two recrystallizations from acetone 
at 0° the picrate melted at 142-144°. 

CysHis-CsH;0;N;. Calculated. C 62.18, H 4.56 
CisHeo- CeH:07Ns. " ** 62.87, ‘* 4.86 
Found. ** 62.64, ‘‘ 4.72 

The recovered hydrocarbon after distillation melted at 40—-46°. 
It could not be crystallized from ether but formed diamond- 
shaped leaflets from isopentane which melted at 45-48°. When 
redistilled under reduced pressure in order to remove the solvent, 


> 70 
> od 


the crystalline distillate melted at 52 


mol. wt., 234.14 


CisHis. Calculated. C 92.25, H 7.75, 
Cy 9H. ™ - 91.88, * = 248.16 
Found an tan ™ — io 


The molecular weight was determined in camphor. 

Both the hydrocarbon and its picrate gave a depression with the 
C,sHis hydrocarbon and its picrate from Fraction 6. 

Fraction 11 yielded a picrate which melted at 142-144° and 
gave no depression with the above picrate from Fraction 9. 

Found. C 62.87, H 4.84 

The hydrocarbon obtained from this picrate crystallized in 
diamond-shaped leaflets from isopentane and melted at 48-51° 
and after distillation at 52-56°. It gave no depression with the 
hydrocarbon from Fraction 9. 


Found. C 92.05, H 8.13, mol. wt. 223.5 
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The picrate from Fraction 14 melted at 138-139°. 
Found. C 62.87, H 4.47 

The hydrocarbon after distillation melted at 48-53°. 
Found. C 91.94, H 7.99 


The Hydrocarbon CigH2—The fractions from No. 15 on crys- 
tallized directly from ether as contrasted with those below Fraction 
15 which crystallized only from isopentane. Further purification 
did not change the analytical data from those obtained in the 
original fractions in any of the fractions up to Fraction 21. They 
appeared therefore to be mixtures of isomeric compounds. 

Fraction 15 was recrystallized from ether at —20°. Broad, 
thin diamond-shaped plates were obtained which melted at 68-71°. 
A further recrystallization gave material which melted at 70-72°. 


CisHeo. Calculated. C 91.88, H 8.12, mol. wt. 248.16 
Found. “Gi? v3. - aes 


The picrate crystallized from acetone as orange needles which 
melted at 143-144°. 


Ci9He9-CsH;07Ns. Calculated. C 62.87, H 4.86 
Found. ** 62.81, “ 4.60 
: “* 62.51, “ 4.64 


Fraction 19 yielded a picrate from acetone which melted at 
141-142°. 
Found. C 62.99, H 4.84 
The hydrocarbon from this picrate after distillation melted at 
55-63°. 
Found. C 91.89, H 8.00, mol. wt. 238.7 


This hydrocarbon after two recrystallizations from ether melted 
at 73-75° and gave no depression with the hydrocarbon from 
Fraction 15. 

Fraction 21 gave a picrate which melted at 138-140°. 

Found. C 63.00, H 4.87 


The Hydrocarbon CoH (?)—A definite shift in results appeared 
with Fraction 22. When this was treated with 100 mg. of picric 
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acid in benzene, it crystallized at 0°. After two recrystallizations 
from acetone, 48 mg. of orange needles which melted at 135-137° 
were obtained. 
CroH22-CesH;0O7;N;. Calculated. C 63.51, H 5.13 
Found. ** 63.37, ‘* 4.84 
7 “ 63.70, ** 4.45 
The hydrocarbon regenerated from the picrate even after 
distillation was only partially crystalline and obviously not 
homogeneous. 
CeoHar. Calculated. C 91.54, H 8.46 
Found. ** 91.92, ** 8.30 
; ‘ 92.08, “‘ 8.29 
Fraction 23 contained selenium. It was dissolved in ether and 
filtered. The picrate obtained from this was crystallized from 
ether. After two recrystallizations from alcohol, orange-brown 
flat blades were obtained which melted at 138-142°. The analyt- 
ical figures agreed with those required for the picrate of a C2,He 
hydrocarbon but there was not sufficient material for extended 
investigation. 


Cy He-CgH,O;N . Calculated C 64.38, H 5.01 
Found “Cn, “ 62 
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THE EFFECT OF CERTAIN REAGENTS ON THE 
ACTIVITY OF BIOTIN 


By GEORGE BOSWORTH BROWN anv VINCENT pu VIGNEAUD 


(From the Department of Biochemistry, Cornell University Medical College, 
New York City) 


(Received for publication, July 9, 1941) 


In the present communication we are reporting the action of 
various reagents on the activity of biotin. The criterion used was 
the effect upon yeast growth activity (1). Preliminary informa- 
tion was thus obtainable with a minimum amount of material. 
The results of such inactivation experiments must, of course, be 
interpreted cautiously. When inactivation has been brought 
about, it is justifiable to assume that a change in the molecule 
has undoubtedly occurred, but when no inactivation has taken 
place, the possible formation of an active derivative or degradation 
product cannot be excluded. The data which we have obtained 
in these inactivation experiments are summarized in Table I. 
Reference to the work of other investigators who have tested the 
effect of some of these reagents on the compound, and assayed 
either for coenzyme R activity (Rhizobium growth), vitamin H 
activity (egg white injury curative action), or for biotin activity 
(yeast growth), is also given in Table I. 

Prior to the isolation of the crystalline material (9), many ex- 
periments were carried out in this laboratory on fractions (con- 
taining from 1 to 20 y of biotin per mg.) prepared from a liver 
concentrate. All of these experiments have been repeated on the 
crystalline biotin. The majority of the experiments done on the 
crystalline material were carried out on 1 or 2 ce. aliquots of a 
solution containing 12.5 y of biotin (9) per cc. The standard 
solution of biotin was evaporated to dryness in a test-tube and 
the desired reagent added. Upon completion of the reaction, the 
solution was concentrated at reduced pressure if necessary. It 
Was then neutralized and made up to a volume of 5 ce., 1 cc. of 

85 


t 
} 
t 
t 
q 
{ 








86 Stability of Biotin 








TABLE I 
Summary of Inactivation Experiments 
[vation | 8 teoative | 
cary a | served : 
—_| 3 lll 
Reagents used SES Reagents used >| & e 
s\2/¢9 e\s/4 
HE 1 E/E. 
| /3| 22 b| 3 | 22 
i&|oO}] @ a'Ols 
Air or O, i— |—_ | 2 (CH;CO),0-NaOH +} 7 
5% Hi02 + +/3 | (CH;CO),0-CH,COOH - | 
Ether peroxides + with Zn 
H,-Pd -- CH,—C=0 — +8 
H.-PtO; -* C.H,COCI-NaOH —| § | 
Na in liquid NH; - C.sH,;COCI-C,HsN _ + §) 5 
Chloramine-T + C.H,NCO - 
Aqueous Br, + NaOH + 
SO, + -t 3 KOH + 
HCl in CH;OH '— |— | 4,5) KOCH; + 
CH.N» —i-/|5 Methylation - 
HCl + Benzylation - 
HCl-HCOOH op CH,O +'+/8 
H,SO,, concentrated! — HONO +/ +||] 4, 8 
CH,COOH-H,SO, — Ninhydrin _ 
CH,;COCI-NaOH — +] 6 NH,OH _ 





| 


p-NO.C.H,NHN He 
Ultraviolet light ir- | — 
radiation 


* This experiment was performed on 1.5 mg. of material by Dr. Klaus 
Hofmann with the use of a Warburg vessel as the micro hydrogenation ap- 
paratus. 

+t With coenzyme R (biotin) little inactivation with SO, was found. 

t Despite conflicting reports we have been unable to inactivate biotin 
by acetylation. 

§ It is reported (8) that vitamin H (biotin) is inactivated by benzoyla- 
tion, but the conditions used were not specified. Also, biotin is reported 
(5) to be inactivated by benzoyl chloride in pyridine and this inactive 
product may be reactivated to the extent of 20 per cent by saponification 
with sodium ethylate. 

|| It was found (4) that the rate of inactivation was approximately equal 
to that of the destruction of a-amino acids. 


which was used for assay. The possibility that the observed 
effect was caused by one reagent and not by the combination of 
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reagents was minimized by parallel control experiments in which 
the effect of each individual reagent was determined. 

Effect of Acid and Alkali—It was noted that in many experi- 
ments involving vigorous treatment with acids or alkalies there 
was some loss of activity, usually attributable solely to the effect 
of these reagents. In a study of the effect of acid, it was found 
that the use of 20 per cent HCl over fairly long periods of time 
was required to inactivate the samples completely. The following 
results were obtained in experiments in which 25 y of biotin in 
2 cc. of 20 per cent HC] at 120° were used. 


Per cent of 
Time activity destroyed 
6 hrs. 50 
a 65 
24 ‘ 90 
48 ‘“ 100 


A mixture of equal volumes of concentrated HCl and 90 per 
cent formic acid at 120° had the same effect as HC! alone. 

The action of alkali results in greater inactivation than corre- 
sponding strengths of acid. For example, 40 to 60 per cent in- 
activation was brought about by the action of 1 N KOH at 120° 
for 17 hours. Similar inactivation was caused by refluxing the 
biotin with 5 per cent potassium methylate for 1.5 hours. Longer 
periods of treatment or stronger concentrations of alkali led to 
complete inactivation. Thus, in contrast to other data in the 
literature, biotin does not appear to be as stable to acid and to 
alkali as has been assumed. 

Effect of Oxidizing and Reducing Agents—Prolonged aeration of 
either an acid or an alkaline solution of biotin with air or O, had 
no appreciable effect, but the use of stronger oxidizing agents 
quickly destroyed the activity. For instance, treatment with 5 
per cent H,O. completely destroyed the activity as did the use of 
peroxide-containing ether. Aqueous solutions of Bre also com- 
pletely destroyed the activity. This last may be attributable to 
the general oxidizing properties of the reagent as well as to its 
possible addition to an unsaturated linkage. 

Biotin was not affected by treatment with hydrogen, even in 
the presence of Pd or PtO, catalysts, nor was its activity destroyed 
by reduction with Na in liquid NH, or Na in alcohol. 

Question of Presence of an a-Amino Acid Grouping—The fact 
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that biotin has been found by others to be inactivated by nitrous 
acid has led to the assumption that biotin is very likely an a- 
amino acid ((4) and Table I, foot-note ||). We have confirmed 
this inactivation with nitrous acid and also the inactivating effect 
of formaldehyde. With the latter reagent it was necessary to heat 
the biotin with a 40 per cent solution of formaldehyde to bring 
about extensive inactivation. In addition, we observed that biotin 
is rapidly and completely inactivated by chloramine-T, which 
would be expected if it were an a-amino acid but which is also in 
accord with the ease of oxidation of biotin. We have found, how- 
ever, that ninhydrin has no effect whatsoever on the activity of 
the compound, and the absence of any reaction with this reagent 
strongly indicates that biotin is not an a-amino acid. Experi- 
ments have been carried out at pH 4.7 (recommended for the 
majority of the known amino acids) (10) and at pH 2.5 (recom- 
mended for hexone bases) as well as at pH 6.7. 

Acetylation and Benzoylation—If an amino, imino, or primary 
or secondary alcohol grouping containing an active hydrogen was 
present, the formation of acetyl or benzoy! derivatives would be 
expected. We have attempted acetylation under a variety of con- 
ditions, including the use of acetic anhydride-sodium hydroxide, 
acetyl chloride-sodium hydroxide, acetic acid-sulfuric acid, and 
reductive acetylation in acetic acid-acetic anhydride-zine. In no 
case was there an appreciable amount of inactivation, beyond that 
attributable to the effect of the alkali when it was used. We have 
likewise been unable to inactivate biotin by the use of ketene. 

Benzoylations were also attempted by use of benzoyl chloride 
in NaOH and in KOH solutions. No inactivation resulted. 
Neither have we been able to effect any inactivation by the use 
of benzoyl! chloride and pyridine. 

In addition to these experiments, biotin was treated with phenyl 
isocyanate in alkaline solution as well as under anhydrous condi- 
tions with heating but no inactivation resulted. 

Methylation and Benzylaltion—Methylation and benzylation ex- 
periments were carried out with the use of Na in alcohol, followed 
by the addition of methyl iodide or benzyl chloride. Similar ex- 
periments with K were also done. In all cases the effect of the 
treatments was equal only to that of the alkali alone. 

Effect of Carbonyl Reagents—The action of p-nitrophenylhydra- 
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zine in acidified alcohol and of hydroxylamine in alkaline solution 
also failed to bring about inactivation, thus indicating the absence 
of an aldehyde or ketone. 


The authors wish to express their appreciation to Miss Eleanor 
Hague for carrying out the numerous biotin assays. 


SUMMARY 


It has been shown that biotin can be inactivated by vigorous 
treatment with acid and alkali. 

Although biotin is inactivated by many reagents known to react 
with a-amino acids, its activity is not affected by ninhydrin. The 
latter fact strongly indicates that biotin is not an a-amino acid. 
The activity of biotin is not destroyed by the use of acylating or 
alkylating reagents, nor by the use of carbonyl reagents. 

It has been shown that biotin contains an easily oxidizable 


group or groups. 
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THE ISOLATION OF PURIFIED PROTEIN DERIVATIVES 
AND CARBOHYDRATES FROM TUBERCULINS 
AND THEIR BIOLOGICAL PROPERTIES 


By W. STEENKEN, Jr. 
(From the Research and Clinical Laboratory, Trudeau Sanatorium, Trudeau, 
New York) 
(Received for publication, June 16, 1941) 


The studies of Seibert and Munday (1) have demonstrated that 
the active principle of tuberculin is in the protein fraction. 
Recently, Seibert, Pedersen, and Tiselius (2) have shown that, 
when protein is isolated from tuberculin and fractionated into 
proteins of definite molecular structure by the aid of the Tiselius 
electrophoresis apparatus and studied in the Svedberg ultra- 
centrifuge, one protein will elicit a stronger reaction than the 
other proteins when inoculated intracutaneously in a sensitized 
animal. 

We thought it would be of interest to separate the proteins from 
the tuberculins produced by Ra (rough avirulent) and Rv (rough 
virulent) microorganisms obtained from the single parent strain 
H-37. Seibert (3) had isolated PPD by ultrafiltration from 
tuberculins produced by both virulent and avirulent microorgan- 
isms, but these were not obtained from a single parent strain. 

Because we lacked an ultracentrifuge or a Tiselius electrodialysis 
apparatus, we were limited in our efforts to make a comparison of 
our PPD and carbohydrates after separating them by ultrafiltra- 
tion or dialysis, but our results were, nevertheless, significant and 
are here reported. 

Preparation of Tuberculin—10 liters of medium! were prepared 
and bottled in 8 ounce bottles, each containing 100 ce. 50 of 
these bottles were seeded with a 1 cm. loop of pellicle of Ra micro- 
organisms which had been growing on a similar medium for 3 


' The modified Proskauer and Beck medium consisted of monopotassium 
phosphate 5.0gm., asparagine 5.0 gm., magnesium sulfate0.6 gm., magnesium 
citrate 2.5 gm., glycerol 20.0 ec., and H,O to 1000.0 ec. 
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weeks. The other 50 bottles were similarly seeded with Rv 
microorganisms grown on the same medium for the same length 
of time. 

All of the bottles were incubated at 37.5° for 8 weeks before the 
organisms of each variant were harvested separately, and the 
resulting pooled tuberculins made up to their original volumes of 
5000 cc. The cultures of microorganisms differed grossly in 
physical appearance. The Ra variant was dry and brittle with a 
very dense and heaped-up growth, while the Rv growth was moist 
and tenacious, and grew very thinly and diaphanously on the sides 
of the bottles. 

The yields of the microorganisms dried in vacuo, given in gm. 
per 5 liters, were as follows: Series I, Ra 18.99, Rv 16.61; Series 
II, Ra 19.54, Rv 17.12. 

The PPD samples were removed according to the method of 
Seibert (3). 5 liters of each tuberculin which were previously 
heated io 55° for 1 hour were filtered through alundum crucibles 
coated with 13 per cent guncotton solution. (This differs from 
Seibert’s procedure in that she heated the tuberculins plus organ- 
isms in an Arnold sterilizer for 3 hours.) Separate batteries of 
crucibles containing each tuberculin were attached to a manifold 
and connected to the same suction line, so that both tuberculins 
were filtered simultaneously and at approximately the same rate of 
flow, until there remained about 100 cc. of concentrated tuberculins 
of a dark brown color. These tuberculins were refiltered through 
Berkefeld filters of the N type to remove any surviving bacterial 
bodies and débris. 

4 volumes of 50 per cent trichloroacetic acid were added to the 
filtrates which were then placed in an ice box overnight. In the 
morning the precipitated tuberculins were centrifuged at high speed 
for 20 minutes and the supernatant fluid decanted. Then, for 
seven successive times, the resulting sediments were partially 
dried in vacuo and washed with diethyl ether until neutral to 
litmus. Finally the sediments were dried in vacuo and weighed. 
The following yields of buff-colored PPD are given in gm. per 5 
liters: Series I, Ra 0.45, Rv 1.00; Series I], Ra 0.61, Rv 1.30. 

Isolation of Carbohydrates—After the removal of protein, the 
filtrate from each variant was neutralized individually with N 
NaOH. 4 volumes of 95 per cent alcohol were added to each, 
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producing flocculent precipitates. These flasks plus their pre- 
cipitated contents were placed in an ice box overnight. In the 
morning, the alcohol was decanted and the remaining precipitates 
plus residual alcohol were centrifuged at high speed for 20 minutes. 
The supernatant alcohol was again decanted, and the resulting 
sediments washed with 95 per cent alcohol until free of alkali, and 
then washed with ether until completely dehydrated. Any 
remaining ether was removed in vacuo. The yields of carbo- 
hydrate, given in gm. per 5 liters, were as follows: Series I, Ra 
(0.20, Rv 0.37; Series II], Ra 0.22, Rv 0.45. 

Nitrogen Determinations on Various Fractions—The per cent 
nitrogen, determined by the micro-Dumas procedure, was as 
follows: PPD, Rv 15.01, Ra 14.53; carbohydrate, Rv 0.18, Ra 0.08. 

Biological Tests with PPD—Twenty male guinea pigs were 
inoculated subcutaneously with living suspensions of Ra and Rv 
microorganisms, ten guinea pigs with 2.5 mg. of the Ra variant, 
and ten with 2.5 mg. of the Rv variant. 3 weeks after inoculation 
the animals were tested with 0.1 ec. of 5 per cent OT and they all 
reacted with approximately 12 12 mm. areas of erythema and 
induration, with small necrotic centers. 

The PPD samples were dissolved in normal saline, so that each 
0.1 ec. contained 92 y of PPD. Every animal in each series that 
had been inoculated with Ra and Rv variants was tested on one 
side with Ra PPD and on the other with Rv PPD. All animals 
demonstrated approximately the same reactions with both PPD 
solutions. 

In the belief that we might be able to show specificity by using 
more dilute PPD solutions, the same series of animals were again 
tested with both strains of PPD, but this time with a concentration 
of 27.7 y. Again the skin tests were identical, as in the previous 
series of tests. 

Skin Test with Carbohydrates—The same series of infected ani- 
mals were tested with 27.7 and 92,7 dilutions of both carbo- 
hydrates, but neither was capable of eliciting a skin reaction. 
However, with 0.1 mg. we were able to elicit a reaction that had 
a central area of necrosis but without the typical surrounding area 
of erythema and induration that accompanies a tuberculin reaction. 

Two male goats of approximately the same size, age, and color 
were used for a skin test with human, bovine, and avian tuberculins 
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and did not react. From the jugular vein of each goat, 7 to 10 ce. 
of blood were removed aseptically; the blood was permitted to 
coagulate, and then it was rimmed and centrifuged. The sera 
were removed aseptically and stored in sterile ampules to be used 
as control sera throughout the experiment. 

The goats were inoculated intravenously on 2 alternate days, 
one goat with Ra and the other with Rv living microorganisms 
suspended in normal saline, each animal receiving 5 cec., or ap- 
proximately 10 mg., of its appropriate variant. 1 month after the 
last inoculation, each goat was bled and tested for precipitins and 
complement-fixing antibodies. The blood of both goats had 
demonstrable fixing antibodies when titrated against antigens 
prepared from Ra and Rv microorganisms; both also reacted witha 
definite degree of specificity. 

Precipitins could be demonstrated only with the carbohydrate 
fractions and not with the PPD fractions. More will be said about 
the precipitin reaction later. 

2 weeks later, or 6 weeks after the last inoculation with micro- 
organisms, the two goats were bled to death from their jugular 
veins, and the sera separated aseptically from the clot to be stored 
in sterile ampules. 

Results of Precipitant Tests—Table I demonstrates the strong 
reaction of Ra carbohydrate with its homologous serum, and 
conversely, the stronger reaction of Rv carbohydrate with serum 
homologous to the Rv carbohydrate. It will also be noted that the 
Ra serum reacts more strongly with both Ra and Rv carbohydrates 
than does the Rv serum. 

On the strength of the above findings, we thought that the 
specificity might be caused by a predominance of one form of 
carbohydrate. To test this possibility, both sera were submitted 
to Dr. Heidelberger of Columbia University who tested them 
against various carbohydrates which he and Dr. Menzel had 
isolated from the tubercle bacilli Strain H-37 (4). 

Carbohydrates—520-C is relatively highly dextrorotatory, high 
in pentose; 520-B2a, low dextrorotatory, high in pentose; 520-B2a”, 
comprises both of the specificities of the two preceding frac- 
tions; 520-B2-C, inactive against rabbit and horse antisera, high 
in phosphorus; 520-V1-C, representative of the fractions highly 
soluble in organic solvents. 
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Table II records the reactions of the sera tested with the above 
carbohydrates. 

The fact that sera Ra and Rv react less strongly with 520-C 
than with 520-B2a” is interesting in that Dr. Heidelberger and 
Dr. Menzel found that different rabbits immunized with the 
same vaccine may produce both antibodies (against high rotating 
as well as against low rotating carbohydrates), or may lack one of 


them. 


TABLE II 
Effect of Carbohydrates on Sera 
All serum and carbohydrate samples measured 0.5 cc. after being mixed 
and incubated for 2 hours at 37.5° and left overnight in the ice box: all 
carbohydrate dilutions were 1: 50,000. 


Serum 
Carbohydrate " = oa 

Ra Rv 
520-C ++ r 
520-B2a +++ +++ 
520-B2a” +++ +++ 
520-B2-(€ - - 
520-V1-C +++ ++ 


Salt solution _ 


DISCUSSION 


Our experiment was unique because the virulent and avirulent 
microorganisms used for the production of tuberculin were ob- 
tained from a single parent culture. The Ra microorganisms were 
of definite topography when planted on a Steenken and Smith 
medium for colony study. Inoculated in guinea pigs, they pro- 
duced skin hypersensitivity but not progressive disease. The Rv 
microorganisms were also of definite topography when planted on 
a Steenken and Smith medium for colony study; they produced 
skin hypersensitivity, and, contrary to the Ra culture, produced 
progressive disease in guinea pigs. 

When grown on the modified Proskauer and Beck medium, both 
variants were stable for 5 years as to virulence for guinea pigs and 
as to growth appearance. 

Our yield’ of organisms were considerably less than those ob- 
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tained by Seibert and Long, because we used a different synthetic 
medium—a medium upon which we had been cultivating these 
microorganisms for a span of over 5 years without any noticeable 
change in virulence or growth characteristics. 

Of the two variants we experienced a greater yield of Ra micro- 
organisms, but a greater yield of PPD and carbohydrate from the 
tuberculin produced by Rv microorganisms. One would ordinarily 
expect a greater yield of PPD and carbohydrate from the variant 
with the greater growth. The anomaly is explained in a previous 
publication (5) from this Laboratory, in which we showed that Rv 
microorganisms are susceptible to lysis and Ra resistant to lysis. 
Therefore, we can assume that the difference in weight of the Rv 
microorganisms was due to a breakdown of some of the Rv micro- 
organisms, and that the greater yield of PPD and carbohydrate in 
the Rv tuberculin resulted from broken down microorganisms. 

We were unable to demonstrate any skin specificity in guinea 
pigs with PPD derived by ultrafiltration, although the more 
modern methods used by Seibert for separating protein fractions 
from tuberculins might do so. 

To date, we have not tested the skin of any patients with either 
PPD or carbohydrates. 

Our carbohydrates did contain some protein, but it was present 
in quantities too small to elicit skin reactions in sensitized guinea 
pigs. 

According to Heidelberger, rabbits immunized with the same 
vaccine may produce one or both antibodies (against high rotating 
and low rotating carbohydrates). The difference between our 
carbohydrate tests with the goat antisera and Dr. Heidelberger’s 
with the same sera against his carbohydrates may possibly be 
explained on the basis that his fractions were isolated from an 
H-37 culture of unknown virulence, and that the component 
present in one of our strains may have been entirely lacking in his 
material. 


I wish to thank Dr. Michael Heidelberger, College of Physicians 
and Surgeons, Columbia University, and Dr. Florence B. Seibert 
of the Henry Phipps Institute, for their many helpful suggestions; 
also Dr. Gustave Meyer of the Rockefeller Institute for the 
nitrogen determination. 
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Some time ago we reported that a-keto-y-methiobutyric acid ob- 
tained from methionine by incubation with tissue slices is split by 
the action of acid or alkali into methyl mercaptan and an unchar- 
acterized residue (1). About 80 per cent of the keto acid, esti- 
mated as the dinitrophenylhydrazone in aliquots of the solution, 
could be accounted for by the mercaptan isolated. This finding 
indicated that the linkage of the sulfur atom to the keto acid chain 
is broken, in contrast with the formation of homocysteine from 
methionine by the action of hot mineral acids. The readiness 
with which methionine is deaminized enzymatically (2) suggests 
that the keto acid may be its metabolically active derivative. 

In the experiments presented in this paper we looked for prod- 
ucts of enzymatic action other than the keto acid (3). In addi- 
tion the metabolism of homocystine and homocysteine was 
investigated. Whereas the keto acid is the only product formed 
in significant amounts during enzymatic degradation of methionine 
by liver and kidney slices, the demethylated derivatives of methi- 
onine were not deaminized. Homocysteine yielded appreciable 
amounts of hydrogen sulfide. 


EXPERIMENTAL 


The substrates used were recrystallized and ether-washed dl- 
methionine, dl-homocystine, and dl-homocysteine. For a refer- 
ence sample of homocystine we are indebted to Dr. du Vigneaud. 


* This investigation has been supported by a grant from the Dazian 
Foundation for Medical Research. 
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The homocystine and homocysteine were prepared according to 
the procedure of Patterson and du Vigneaud (4) and also by the 
action of sodium upon methionine! in liquid ammonia (see also 
(5)). To permit the isolation of the metabolic products, the tissue 
slice experiments were carried out on a large scale in 250 ml. flasks 
according to the technique of Krebs, with phosphate buffer (6). 
The rat organs used were liver, kidney, and small intestine. The 
amounts of tissue (dry weight) and substrate are recorded in 
Table I. The flasks were shaken for 2 hours at 38°. The keto 
acid was determined gravimetrically in aliquots of the protein-free 


TABLE | 
Balance Experiments on Methionine 


Liver and kidney slices in 50 ml. of Krebs’ phosphate buffer were used. 


Residual methionine 


Methionine recovered 
Tissue dl-Methio- Tissue, dry AsO converted 
nine to 
keto acid As homo- . 
cysteine As CHal 
mg. mg. per cent per cent per cent 
Liver 447 400 7 7.4 96 Qs 
447 300 + 10.7 Sl 92 
149 500 1.0 93 
149 520 1.4 9S 94 
Kidney 298 200 + 22.5 92 93 
298 130 t 20.2 76 95 
149 215 19.6 4 95 
149 256 20.5 3 4 
149 160 + 30.4 


filtrate as the 2,4-dinitrophenylhydrazone which exists in a red 
and a yellow form, the latter being the more stable and less solu- 
ble. The sulfate formed was determined as barium sulfate (7). 
Residual methionine* was determined by the Baernstein procedure 
(8, 9) as volatile iodide and as homocysteine after the removal of 
the keto acid. With samples of pure methionine the recoveries of 
iodide corresponded to those reported by Kassell and Brand (9); 


1 The preparation of small amounts of homocysteine by the latter proce- 
dure which furnishes yields of about 60 per cent has proved convenient. 

? We are indebted to Dr. Brand and Dr. Kassel! for the use of an improved 
apparatus (unpublished) for the methionine determination. 
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the recoveries of homocysteine to those reported by du Vigneaud 
et al. (10). The sulfate found in the experiments with liver and 
kidney slices corresponded to 2 per cent of the methionine added, 
a finding in agreement with that of Pirie (11). 

As expected (6), kidney slices form more keto acid than liver 
slices, the yield being increased by the addition of As,O;. Cal- 
culated on the basis of the volatile iodide, 93 to 98 per cent of the 
residual methionine could be recovered in the experiments with 
both liver slices and kidney slices. The recovery of homocysteine 
has not always been as satisfactory as that of volatile iodide. The 
blanks in the homocysteine determination corresponded to those 
reported by Kassell and Brand (9). A variation in the blank 
value of 0.2 ml. of diiodate corresponds to 0.3 mg. of methionine. 
Since we used aliquots corresponding to about 5 mg. of methionine, 
considerable deviations might be encountered. Therefore we do 
not feel justified in ascribing the discrepancies in the values of 
volatile iodide and homocysteine to a shift of the methyl group 
and an actual disappearance of homocysteine. For the detection 
of —S—S—, SH, or thiolactone groups the nitroprusside reaction 
was employed. Pirie reported a “faint but definite’ nitroprusside 
reaction in similar experiments. In numerous experiments in 
which liver, kidney, and intestine acted on methionine we found 
that the nitroprusside reactions never exceeded those given by 
controls without added methionine. 

It is of interest that liver and kidney slices of a cystinuric dog 
deaminized 27 and 31 per cent respectively of added dl-methionine.* 


DISCUSSION 


Our experiments indicate that the only metabolic product of 
methionine, produced in significant amounts in the presence of 
tissue slices, is the corresponding keto acid. It has already been 
shown (12) that the keto acid is a metabolic product of methi- 
onine, since it was possible to isolate it as the dinitrophenylhy- 
drazone from the urine of rats which were fed a methionine-fat- 
carbohydrate diet. These findings agree well with the evidence 
that unnatural d-methionine and d-homocystine (with choline) 
support growth on a methionine-deficient diet (13, 14). Since 


* Brand, E., Kassell, B., Waelsch, H., and Borek, E., unpublished 
experiments. 
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homocystine, together with choline, as the methy! donor, supports 
growth in place of methionine, it was suggested by du Vigneaud 
et al. that homocysteine is methylated to methionine in the animal 
body (14). The reverse procedure, namely the scission into homo- 
cysteine and the methyl group, was assumed to be the main path- 
way of the metabolic breakdown. As another possibility the 
formation of the keto acid of methionine and subsequent splitting 
into the keto acid of homocysteine and the methyl group have been 
suggested by Patterson et al. (15). The labilization of the whole 
methiol group offers another pathway for the metabolism of the 
ketoacid. Itshould be emphasized here that we do not believe that 
the mercaptan group is actually set free during the metabolism of 
methionine but regard the process rather as a simultaneous yielding 
of both the methyl group and the sulfur to twodifferent acceptors. 

In the presence of tissue slices no indication of the formation of 
homocysteine could be found. The occurrence of the keto acid 
as a metabolic product was established not only in the experiments 
with tissue slices presented in this paper but also by isolation after 
methionine was fed to rats (12). However, the formation of 
homocysteine in living animals cannot be excluded. Our experi- 
ments suggest merely that the metabolic breakdown can proceed 
normally by way of the keto acid which is labilized between the 
carbon chain and the methiol group. Homocystine and homocys- 
teine are not deaminized by tissues slices but they are metabolized 
in the intact animal. The formation of hydrogen sulfide from 
homocysteine as from cysteine (16) by the action of tissue slices 
may point to a different pathway of metabolic breakdown of these 
compounds. Since with methionine no trace of hydrogen sulfide 
can be detected, it seems unlikely that homocysteine can be 
formed as a primary product. 

Added methionine increases the yield of creatine in tissue slice 
experiments in the presence of glycocyamine (18). For the methy- 
lation of glycocyamine only a small portion, about 2 per cent of 
the added methionine, is used. This corresponds approximately 
to the amount of sulfate formed from methionine in our experi- 
ments with liver slices. This agreement might indicate that the 
sulfur of the methionine is oxidized to sulfate if the methyl group 


‘A sample of glycyl-/-methionine, kindly provided by W. C. Hess (17) 
also showed no increase of the nitroprusside reaction over that in the 


control. 
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is accepted by another compound. The oxidation may occur only 
if no suitable thio group acceptor is available. In experiments now 
in* progress we are testing the various intermediates of carbohy- 
drate metabolism, such as phosphopyruvic acid, for their ability 
to serve as acceptors for the methionine sulfur. 


SUMMARY 


The main product in the first stage of the metabolism of dl-methi- 
onine with tissue slices of kidney or liver is the corresponding keto 
acid. Sulfate is formed to an extent of 2 per cent of the added 
methionine. No increase of the nitroprusside reaction over that 
in controls could be found. Undeaminized methionine was re- 
covered within the experimental error. 

Homocystine and homocysteine are not deaminized by tissue 
slices. Homocysteine forms hydrogen sulfide. 
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DEFICIENCY OF THE FILTRATE FACTORS OF VITA- 
MIN B IN RATS* 
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KENNEDY 


(From the Laboratories of the Department of Medicine, New York University 
College of Medicine, New York) 


(Received for publication, July 18, 1941) 


It has been reported and confirmed (1-3) that rats fed a diet de- 
ficient in the filtrate factors of vitamin B developed graying of the 
fur. Furthermore, under the same experimental conditions, cer- 
tain pathological changes occurred in the adrenal cortex (4). The 
changes have consisted for the most part of hemorrhage, necrosis, 
and atrophy. 

There has been ample evidence that the adrenal cortex was con- 
cerned with the metabolism of sodium and chloride (5, 6). In 
view of this, the question arose as to whether the manifestations 
associated with a deficiency of the filtrate factor in rats could be 
influenced by the amounts of sodium chloride in the diet. Fur- 
thermore, it seemed important to establish whether the changes 
produced in the adrenal cortex, as a result of the deficiency, were 
sufficient to affect the plasma level of chlorides. 


Procedure 


Rats of the Long-Evans strain were used for the studies. The 
animals were bred in the laboratory and litter mates were used. 
The rats were started on the experimental diet when 4 weeks old. 

The basal diet consisted of casein 22 per cent, sucrose 64 per 
cent, primex 9 per cent, cod liver oil 2 cc. per 100 gm., and a modi- 


* This research was aided by a grant from the Josiah Macy, Jr., Founda- 
tion. 
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fied salt mixture 5 per cent (this contained ferric, potassium, and 
magnesium citrate, calcium diphosphate, copper sulfate, and po- 
tassium iodide). 12.5 cc. of Galen B were added to 100 gm. of the 
diet for the control rats. The diets of the experimental rats were 
supplemented with thiamine chloride, pyridoxine, and riboflavin, 
so that each rat received daily about 15 y each of the first two and 
45 y of riboflavin. 

Three animals were kept in a cage and they were allowed to eat 
the diet ad libitum. The diet contained no sodium chloride. 
The sodium chloride was given in water and placed in a drinking 
bottle with a curved glass tube outlet from which the rats drank 
directly, so that none was lost by leakage. The rats on the low 
salt intake were given a solution containing 0.064 per cent NaCl. 
Three rats consumed about 50 cc. of the salt solution daily. The 
salt solution selected for use in the diets with the low salt intake 
contained a concentration of NaCl equal to that found in Galen 
B. Since Galen B served as the source of the complete vitamin B 
complex in the diet of the control rats, the dilute salt solution used 
made the intake of the experimental and control rats comparable. 

The rats on the high salt intake were given a 0.9 per cent solu- 
tion of NaCl. Three rats were allowed 100 cc. daily of the solu- 
tion. 

Two groups of control rats were included in the study, one group 
of three rats on the high NaCl intake and one group of three rats 
on the low NaC! intake. As a complete source of the vitamin B 
complex 125 ec. of Galen B per kilo were added to the basal diet of 
the control animals. 

At the end of the experimental period, when graying of the fur 
had occurred, blood was withdrawn from the tail. The tail was 
heated over an electric light bulb for a few moments, a piece was 
clipped off, and the tail was immediately inserted under oil into a 
small centrifuge tube. For the determination of the serum chlo- 
ride Hald’s modification of Paterson’s micromethod was employed 
(7). In addition the serum protein was determined by the falling 
drop method (8). 

When the animals were sacrificed, both adrenals were removed 
and sectioned. The results of the pathological studies, including 
observations on other organs, will be reported in detail in a separate 
communication. The adrenal findings are summarized briefly in 
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Tables I and II. We are indebted to Dr. Irving Graef of the De- 
partment of Pathology for a report of the pathological findings. 


Results 


In all, twenty-one rats were studied. Series C-1 consisted of 
nine rats, six of which were given the deficient diet plus the high 
salt intake. Three rats served as controls for this group and were 
given the experimental diet plus Galen B and the high salt intake. 
Series C-2 consisted of twelve rats. Nine rats were fed the de- 
ficient diet and the low salt intake. Three rats, serving as con- 
trols, were given the experimental diet plus Galen B. The only 
salt was that contained in the Galen B. The observations on all 
the animals were continued for an average period of 100 days. 

The three control rats in both groups gained an average of 111 
gm. during the period of observation. Their coats remained in 
excellent condition and there was no evidence of any graying. 
They were sacrificed at 99 and 110 days. 

Series C-2 on Low Salt Intake (Table I)—The rats receiving the 
low salt intake failed to gain weight normally. At the end of the 
experimental period, the average weight was 83 gm. as compared 
with an average weight of 150 gm. in the three normal controls. 
Distinct and marked graying of the fur occurred in all but one 
animal in the experimental group. One animal died on the 53rd 
day of the experiment and in this rat the graying was obscured ow- 
ing to a profound loss of fur. In the other rats the graying usually 
began over the head and back of the neck, spread uniformly down 
the sides of the body, and finally involved the entire body. In es- 
timating the time of onset of the graying, we have reported the 
time when it was first observed and the time when graying had 
become pronounced. When first observed, a small patch of 
slightly gray fur was found over the head or back of the neck. 
The change in the color of the fur occurred about 10 days before 
graying became pronounced, by which time it had also spread over 
more of the body. As the experiment proceeded the fur over most 
of the body became silvery gray. In five of the nine rats the gray- 
ing was severe. In three animals it was somewhat less intense and 
as previously mentioned in the rat which died on the 53rd day it was 
obscured, owing to the alopecia. The average time of onset of 
pronounced graying in the rats on the low salt diet was 43 days. 
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In one animal the graying was definite after 29 days and in one 
animal it was not distinct until the 62nd day. First graying of the 
fur, however, was observed in the rats on the low salt intake after 
an average period of 32 days. The range of the time of onset was 
from 29 to 47 days. 
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* The adrenal pathology was limited to the juxtamedullary zone. 
+t Blood hemolyzed. 


In addition, five of the animals on the low salt intake developed 
a severe alopecia. The fur was brittle and patches of it fell out, 
exposing areas of skin. In four rats there was a generalized der- 
matitis and in seven of the animals there were superficial hemor- 


rhages over the feet. 
The adrenal changes were confined to the juxtamedullary zone 
of the cortex. There was no evidence of hemorrhages in any of the 
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adrenals. The adrenals in seven of the animals showed from slight 
to marked lipid depletion. In only two of the adrenals was any 
atrophy of the cortical cells found. 

The general appearance of the animals was poor, as is shown in 
Fig. 1. The rats on the low salt intake appeared to be in a poorer 
state of nutrition than the experimental rats on the high salt intake. 

Series C-1 on High Salt Intake (Table IIT)—-The experimental 
rats on the high salt intake also failed to gain weight, but the failure 
was not as pronounced as in the rats on the low salt diet. Inter- 
estingly enough, only three of the six rats developed graying of the 






4 
~ atl | 

Fic. 1. Comparison of a control (Rat 57), a rat on the diet deficient in 

the filtrate factor plus the low salt intake (Rat 41), and a rat on the deficient 

diet and the high salt intake (Rat 54). The more profound graying of the 

fur in the rat on the low salt intake is quite evident and was typical of the 


group. 


fur and in one rat it was always slight. The graying that did 
occur was first observed on the 75th day and did not become pro- 
nounced until about the 100th day. The onset of definite gray- 
ing in the rats on the high salt intake was 55 days later than the 
onset in the rats on the low salt intake. 

Alopecia was present to a slight or moderate degree in four of 
the rats on the high salt intake and four of the animals also showed 
some superficial hemorrhages over the feet. On pathological ex- 
amination the adrenals of four rats showed a slight amount of 
lipid depletion and in one rat the depletion was moderate. Severe 
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atrophy of the cortical cells occurred in two others. A moderate 
amount of atrophy was observed in the adrenals of two of the con- 
trol rats. The adrenal changes were again confined to the juxta- 
medullary zone of the cortex. 

Serum Chloride and Protein Values—The serum chloride values 
in the rats receiving the low salt intake were within normal limits. 
In milliequivalents per liter, the serum chloride varied from 96 to 


TABLE II 


Summary of Findings of Rats on High Salt Intake. Series C-1 





0 = none, S. = severe, M. = moderate, Sl. = slight 
a us Onset of b = Adrenal 
E é graying < >, E.s changes* 
5 5 z g 24 
Rat # i sha = 33 
No 3 Ss z oy = o~- - = 5 x 2 = a 
2 =sissizn| ~*~ | 82! 8 | 8 | ESlacz! = 
sO i seleclSe| si se) F | fs) SE BB E 
a fn Ss ia GQ | a a - a a = 
m eq. a 
per I. el 
Experimen- | 51 7.14. 75) 100 110, M Sl. SI M. | Si. | M. 
tal 52 107.) «~6.66) 100) ? | 110 oa ee eel tt 
53 106 7.04) 75) 100) 110) SI. Ss. M.' S = 
B05 4.56 0 0 96 M. 0 0 0 ori 
to 
Ss 
55 0 0; 96 0 0 Sl 0 0 
56 102) 5.44 0 0} 99) SI. 0 | Si. 0) M. SI 
Control 57 #108” 5.66 0 0 % O 0 0 0 0 0 
5S 99 6.94 0 0 110 O 0 0 0 01M 
59 97 6.02 0 0; 110) 0 0 0 0 | Sli. 


* The adrenal pathology was limited to the juxtamedullary zone 


109. The serum protein varied from 4.66 to 6.19 gm. per cent in 
this group. In the three control rats, kept on a low salt intake, 
the serum chloride levels were 98, 99, and 100 milliequivalents per 
liter and the serum protein was quite uniform and averaged 5.86 
gm. per cent. In the experimental rats on the high salt intake the 
terminal serum chloride values ranged from 102 to 107 milliequiva- 
The serum protein values varied from 4.6 to 7.1 


lents per liter. 
The serum chloride levels in the control animals in 


gm. per cent. 


this group ranged from 97 to 108 milliecuivalents per liter and the 
serum protein values ranged from 6.9 to 5.7 gm. per cent. 
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DISCUSSION 


Of the fifteen rats observed on diets deficient in the filtrate fac- 
tors of the vitamin B complex, those in which the salt intake was 
kept very low developed pronounced graying of the fur. Further- 
more the graying occurred much sooner and the incidence was 
greater in the rats on the low salt intake than in the rats on the 
high salt intake. In addition the rats on the low salt ration de- 
veloped the other skin manifestions associated with this deficiency 
(2, 9), such as alopecia, dermatitis, and superficial hemorrhages of 
the skin It seems clear that the amount of salt added to the fil- 
trate factor-deficient diet influenced the incidence, extent, and de- 
gree of graying of the fur that occurred in the rats. Morgan (10) 
mentioned that “three dogs were placed on a salt-free . . . diet, and 
this complicated the effect of the vitamin deficiency in an unex- 
pected way.”” No further reference was made to the animals in 
this report, so that it was not clear what the complications were. 

The adrenal changes that were observed in the experimental 
animals on the low salt intake were mostly those of lipid depletion 
of the juxtamedullary zone of the cortex. In the experimental 
animals on the high salt ration, lipid depletion of the cortex also 
occurred and in addition a moderate to severe degree of atrophy 
was present in the adrenals of four rats. 

Daft and Sebrell (4) have reported hemorrhage, necrosis, and 
atrophy of the adrenal cortex in rats kept on a diet deficient in the 
filtrate factors. Nicotinic acid and choline were added to the diets 
used in their experiments. The fact that neither hemorrhage nor 
necrosis was observed in the adrenals of the rats we have studied 
raises the question as to whether the more severe changes reported 
by other investigators may not have been due to the toxic effects 
of nicotinic acid or choline in the absence of the filtrate factors. 
The amount of salt added to the diet did not seem to protect the 
adrenal cortex from atrophy or lipid depletion. 

In none of the rats was the extent of the adrenal pathology severe 
enough to influence the serum chloride values. We confined our- 
selves to the chloride determinations in these experiments, because 
the micromethod for sodium determinations is not entirely satis- 
factory. The sodium level in the plasma is also definitely influ- 
enced by the adrenal cortex hormone, but any significant change 
in the serum sodium is usually associated with changes in the 
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chloride level. It might well be that more pronounced pathologi- 
cal damage of the adrenal cortex would influence the level of 
chloride in the blood and experiments are in progress which we 
hope will answer this question. The fact that the terminal serum 
proteins were normal showed that no profound hemoconcentration 
had occurred in these animals. 


SUMMARY 


Fifteen rats of the Long-Evans strain were placed on diets de- 
ficient in the filtrate factor of the vitamin B complex. In nine of 
these animals the NaCl content of the diet was kept at a very low 
level. The other six animals were given large amounts of NaCl. 
Six control rats were studied on diets adequate in the entire vitamin 
B complex, three on a low salt intake and three on a high salt 
intake. 

The rats on the low salt intake developed graying of the fur, on 
an average, 55 days sooner than did the animals on the high salt 
intake. Furthermore the graying was more pronounced and oc- 
curred in all but one of the nine rats. 

Atrophy of the cells in the juxtamedullary zone of the adrenal 
cortex occurred to a greater extent in the animals on the high salt 
intake. The lipid depletion was more profound in the adrenal 
cortex of the rats on the low salt intake. In none of the animals 
were hemorrhages of the adrenal cortex observed. 

The serum chloride levels, determined in all of the animals at the 
end of the experimental period, were within normal limits, as were 
the serum protein values. Obviously the pathological changes 
that did occur in the adrenal cortex of the rats were not sufficient to 
influence the chloride levels of the serum. The fact that the serum 
protein values were within normal limits indicated that hemocon- 
centration did not occur. 
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MICRODIFFUSION METHODS BASED ON THE BISULFITE 
REACTION 


I. THE DETERMINATION OF ACETONE* 


By THEODORE WINNICK 


(From the Departments of Surgery and Physiological Chemistry, Wayne 
University College of Medicine, Detroit) 


(Received for publication, July 21, 1941) 


A microdiffusion method for acetone, utilizing the Conway unit 
(1), has been recently described by Werch (2). The determina- 
tion is based upon the diffusion of acetone from a blood or urine . 
sample placed in the outer chamber of the unit into the central 
chamber, where a precipitate is formed with HgSO, (Denigés’ 
reagent). By noting the exact time which is required for the first 
appearance of the precipitate at a given temperature, the amount 
of acetone can be calculated with the aid of a nomogram. In the 
present author’s experience with this method, duplicate deter- 
minations did not agree more closely than 20 to 30 per cent when 
a solution containing 20 mg. of acetone per 100 ml. of water was 
used. 

In the present microdiffusion procedure, the acetone-binding ac- 
tion of NaHSO, is used as the basis of a quantitative titration 
method. Klein (3) has shown that the bisulfite reaction can be 
used for the quantitative determination of acetone plus acetoacetic 
acid in blood filtrates free of sugar. The dissociation of the car- 
bonyl-bisulfite compounds is repressed by using a large excess of 
NaHSO, and lowering the temperature to 5°. After completion 
of the addition reaction, the excess of bisulfite is removed by con- 
centrated iodine solution, and the solution is made alkaline with 
NasHPO,, thereby dissociating the carbonyl-bisulfite compounds. 
The bisulfite thus liberated is then titrated with standard 0.005 n 
iodine solution. Most of the pyruvic acid normally present in 
blood is also determined by this method. 


* Aided by a grant from the McGregor Fund. 
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By modifying Klein’s method to utilize the Conway diffusion 
unit, it is possible to determine acetone alone directly on whole 
blood or serum, as well as on urine. The acetone diffuses from the 
blood or urine in the outer chamber into bisulfite solution in the 
central chamber of the unit, where it is determined according to 
the principles described in the preceding paragraph. 

In addition to simplicity of operation, the present method offers 
greater specificity and accuracy than the older and more complex 
procedures which usually depend upon the precipitation of the 
acetone as a mercury complex. The bisulfite solution in the cen- 
tral chamber of the unit is separated from the possible interfering 
substances present in the blood or urine in the outer chamber, and 
only volatile substances which combine reversibly with NaHSO, 
are measured. By using a number of units it is possible to run 
several determinations simultaneously. 

Procedure 

Blood samples are collected in tubes which contain oxalate or 
citrate and are tightly fitted with rubber stoppers. The blood (or 
urine) can stand for a number of hours in the ice box without ap- 
preciable change in the acetone concentration. 

2 ml. of approximately 0.15 m NaHSO;! are introduced into the 
central chamber, and 0.5 ml. of 2N H.SO,!:? into the outer chamber 
of a Conway diffusion unit. A cover plate suitably greased with 
stop-cock lubricant is placed over the unit, leaving a narrow open- 
ing for the insertion of a pipette. A 1 or 2 ml. sample of the blood 
or urine is then quickly introduced into the outer chamber, and the 
cover is immediately slid over to seal the unit completely. If 
blood is being analyzed, the unit is rotated at once to mix the blood 


and the acid. 
After 6 hours or more at room temperature (about 25°),* the unit 


1 The volume need not be precisely measured. 

? Acid must be used to prevent loss of bisulfite from the central solution 
by diffusion of SO, into the outer chamber, where the SO, apparently re- 
duces the hemoglobin of the blood. The acid is omitted when urine is 
analyzed. 

3 By incubating the units at 40-50°, the time required for complete 
diffusion is reduced to about 3 hours. It is advisable to use a lubricant of 
higher melting point, made by melting 2 parts of vaseline with 1 part of 
paraffin wax, for sealing the units at these temperatures. 
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is cooled for at least half an hour in a shallow dish of water con- 
taining ice cubes. The cover plate is removed, and a small drop 
of starch solution is added to the NaHSO; solution in the central 
chamber. By means of a fine glass stirring rod, the large excess of 
NaHSO; is removed with 1 N iodine solution added very slowly, 
dropwise from a burette. As the end-point is neared, small frac- 
tions of drops of iodine are transferred from the burette tip to the 
solution with the tip of the stirring rod. 

When a permanent light purple color is reached, the unit is re- 
moved from the ice bath and warmed to room temperature. Then 
about 0.3 to 0.4 gm. of powdered NasHPO, is added to the central 
solution, and the latter is stirred well. The NaHSO; which is 
liberated from combination with the acetone is titrated with stand- 
ard 0.005 N iodine solution to the same end-point as before. 

Owing to the small volume of the solution being titrated, a defi- 
nite color change at the eud-point is produced by about 0.005 ml. 
of the standard iodine. Since 1 ml. of 0.005 N iodine is equivalent 
to 0.145 mg. of acetone, the mg. of acetone per 100 ml. of blood or 
urine can be calculated at once. The volume of the first titration 
with 1 N iodine obviously need not be recorded. 

Rates of Absorption of Acetone—Table I shows that ‘acetone is 
absorbed at about equal rates from water, urine, or blood. The 
slight differences in the absorption rates may be partly due to dif- 
ferences in room temperature and to differences in the volumes of 
fluid in the outer chambers. The recoveries after 5 to 6 hours 
diffusion are seen to be 99 per cent complete for pure water and 
for urine, and 96 and 98 per cent respectively for bloods containing 
low and high levels of acetone. The blood and urine values were 
corrected for the very small quantities of acetone normally present. 
Duplicate determinations with diffusions of 6 hours or longer usu- 
ally agreed to within 2 to 3 per cent when the titration amounted 
to about 1 ml. of 0.005 N iodine solution. 

Comparison with Klein’s Bisulfite Method—Analyses on 2 ml. 
samples of normal blood containing 15.5 mg. of (added) acetone 
per 100 ml. gave the following recoveries after a 6 hour diffusion 
period, 96, 98, 98, 99 per cent. The recoveries by Klein’s method 
(3), when 1 ml. samples of the same blood solution were used, were 
90, 91, 95, 97, 102 per cent. The lower average value (95 per cent) 
of the latter series probably reflects slight losses of acetone during 
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the removal of proteins and sugar. Klein also found low values for 
this level of acetone concentration. 

Normal Blood and Urine Levels—The urine and blood of six nor- 
mal individuals contained almost negligible amounts of acetone. 
The values ranged from 0.1 to 0.5 mg. of acetone per 100 ml. 

Blood Acetone Levels in Controlled Diabetics—Analyses were made 
on 2 ml. samples of the blood of eleven patients of the Detroit Re- 
ceiving Hospital. The values ranged from 0.5 to 2.0 mg. of acetone 


TABLE | 


Rate of Recovery of Acetone Added to Pure Water, Normal Urine, and Normal 
Blood 


The solutions were prepared by adding to the water, urine, or blood 
suitable volumes of a relatively concentrated acetone solution. The latter 
was standardized by the iodoform method (4). 2 ml. aliquots of the solu- 
tions were analyzed, except for the data of the last column, for which 1 ml 
samples were used. 


Rate of absorption 





Time of ———— 
diffusion 8.0 mg. acetone 7.8 mg. acetone 3.9 mg. acetone 39 mg. acetone 
per 100 ml. water per 100 ml. urine per 100 ml. blood | per 100 ml. blood 
hrs. | per cent per cent per cent per cent 
1.0 60 64 72 65 
1.5 70 
2.0 82 83 8] 
2.5 81 
3.0 S37 So 
3.5 87 
4.0 92 96 93 95 
5.0 97 90 95 OS 
6.0 99 OR 97 7 


7.0 101 96 Qs 


per 100 ml. of blood. The average value, 1.1, is 2 to 3 times 
greater than the average found for normal blood. Duplicate de- 
terminations agreed to within about 10 per cent in this range of 
low acetone values. 

Blood and Urine Levels in Diabetic Coma—To illustrate the ap- 
plication of the present method to samples containing higher con- 
centrations of acetone, measurements were made on a patient who 
was initially in diabetic coma. Duplicate analyses on 1 ml. sam- 
ples gave values of 29.9 and 30.7 mg. of acetone per 100 ml. of 
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blood, and 27.6 and 28.1 mg. of acetone per 100 ml. of urine. 24 
hours later, when the patient had recovered from the coma, the 
acetone values obtained for duplicate analyses were 6.9 and 7.1 mg. 
per 100 ml. of blood, and 10.2 and 10.5 mg. of acetone per 100 ml. 
of urine. 

Rate of Disappearance of Acetone from Dog Blood Following In- 
travenous Injection—Chaikoff and Soskin (5) have followed the 
level of acetone bodies in the blood of dogs after intravenous injec- 
tion of the sodium salt of acetoacetic acid at a level of 1 gm. per 
kilo of body weight. It was thought of interest to make a series 


TABLE II 
Rate of Disappearance of Acetone from Blood Following Intravenous Injection 
The analyses were performed on 0.5 ml. aliquots of the blood samples 
collected during the first 6 hours, and on 1 ml. aliquots of the last three 
samples. 





lime after acetone injection Acetone found in blood 





hrs mg. per 100 ml. 
0.1 66.0 
0.25 57.0 

l 52.5 

3 40.5 

6 34.0 

12 24.0 
25 7.0 
49 1.0 


of similar measurements with acetone, which would illustrate the 
use of the present method over a wide range of acetone concen- 
trations. 

A normal, 10 kilo dog, whose blood initially contained less than 
0.5 mg. of acetone per 100 ml., was given by intravenous injection 
65 ml. of an isotonic saline solution which contained 6.25 gm. of 
acetone per 100 ml.‘ Blood samples were taken at different times, 
and the acetone concentrations determined. 

Assuming a blood volume of about | liter, the 4 gm. of acetone 
injected produced an initial level of approximately 400 mg. of ace- 
tone per 100 ml. of blood. Table II shows that more than 80 per 


‘ There were no indications of injury to the animal, or even discomfort, 
due to the acetone injection. 
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cent of this acetone was removed from the blood almost immedi- 
ately. The level of acetone is seen to fall most rapidly during the 
first 2 or 3 hours and then decrease at a fairly slow and uniform 
rate. These results are similar to those of Chaikoff and Soskin 
for acetone bodies. These investigators concluded that acetoace- 
tic acid is rapidly utilized by muscle. 

SUMMARY 

A sensitive microdiffusion procedure for the quantitative deter- 
mination of acetone in blood and urine has been developed, based 
on the use of the bisulfite reaction. The method appears to be 
highly specific in that only volatile substances are measured which 
can diffuse as gases from whole blood or urine into NaHS0O; solu- 
tion, forming reversibly dissociable compounds with the latter. 
The solutions to be analyzed need not be free from protein and 
sugar. 

Acetone added to pure water, blood, or urine is quantitatively 
recovered after diffusion periods of 5 to 6 hours at room tempera- 
ture or 3 hours at 40-50°. The method is accurate to about 2 to 
3 per cent for acetone levels of 10 to 30 mg. per 100 ml. 


The author wishes to thank Professors C. G. Johnston and A. 
H. Smith for their encouragement and sincere interest in this work, 
and Mr. C. Walton for his assistance with the animal experiments. 
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GROWTH INHIBITION BY N-(a,y-DIHYDROXY-6,6- 
DIMETHYLBUTYRYL)TAURINE AND ITS 
REVERSAL BY PANTOTHENIC ACID 


By ESMOND E. SNELL 


(From the Department of Chemistry, the University of Texas, Austin) 
(Received for publication, July 7, 1941) 


In a recent note to this Journal (1) the condensation of a- 
hydroxy-8 ,6-dimethyl-y-butyrolactone with the sodium salt of 
taurine was described. The product inhibited growth of Lacto- 
bacillus arabinosus 17-5. This inhibition did not appear when 
sufficient pantothenic acid was added to the medium; the level of 
pantothenic acid necessary to insure growth of the test organism 
increased as the amount of condensation product in the medium 
increased. The results suggested a competition between panto- 
thenic acid and its sulfonic acid analogue for certain surfaces on 
or in the bacterial cell. The “toxic” action of the sulfonic acid 
thus appeared due only to its action in screening the essential 
pantothenic acid away from its site of action. 

The sodium and barium salts of the sulfonic acid have now been 
prepared in pure form and their action on a variety of microor- 
ganisms investigated. Since it is not planned to investigate the 
problem further, the results obtained are presented below. 


EXPERIMENTAL 


Sodium Salt of N-(a,y-Dihydroxy-B ,B-Dimethylbutyryl) Taurine 
—5 gm. of dl-a-hydroxy-8,8-dimethyl-y-butyrolactone were 
melted in the oven at 120°. To the melt were added 5.7 gm. of the 
dry, powdered sodium salt of taurine. The mixture, which 
gradually became homogeneous, was stirred at intervals during 5 
hours, then cooled. Amino nitrogen determinations (Van Slyke) 
on this product showed the disappearance of 80 per cent of the 
free amino nitrogen. 

2.9 gm. of the solid, brittle product were powdered and dis- 
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solved by heating in 100 cc. of absolute ethanol. The solution was 
filtered hot from a small amount of insoluble material. On 
cooling overnight the sodium salt of the sulfonic acid separated 
as a white, amorphous precipitate, which was filtered off. On 
concentration of the mother liquors to 40 cc. and cooling, more of 
the product was obtained. The combined precipitates (2 gm.) 
of the sodium salt were redissolved in 50 ec. of hot alcohol, and 
separated by cooling as before. The product (1.3 gm.) was dried 
first over calcium chloride and finally over phosphorus pentoxide 
at 100°. 


CsHyOsNSNa. Calculated. N 5.05, Na 8.30 
Found. "2." wee 


Barium Salt of N-(a,y-Dihydrozy-8 ,8-Dimethylbutyryl) Taurine 
—To 7.8 gm. of dl-lactone at 145° were added 11.2 gm. of the dry, 
powdered barium salt of taurine. The mixture was heated at 
145-150° for 1 hour, then held at 135-140° for 2 hours. The 
viscous, yellowish mass set to a brittle solid. 

4.0 gm. of the powdered salt were dissolved in 100 ce. of 
methanol, in which it is very soluble. After concentration to 40 
ec., the solution was cooled and filtered. The barium salt was 
precipitated by addition of 5 volumes of acetone, filtered out, and 
reprecipitated twice in the same manner. ‘The slightly yellow 
product was dissolved in water, heated for a short time with 
decolorizing carbon, filtered, then evaporated to dryness in vacuo. 
The residue (2.1 gm.) was dried in vacuo at 100° over phosphorus 
pentoxide. 


(CsH,sOgNS).Ba. Calculated N 4.34, Ba 21.27 
Found i, * 2:2 


Effect of Sulfonic Acid on Bacterta—The activity of all products 
was determined with Lactobacillus arabinosus 17-5. The or- 
ganism was grown under the conditions and in the medium de- 
scribed by Snell and Wright (2) for the assay of nicotinic acid, 
except that nicotinic acid was added in excess (2 y per 10 ce.), 
and pantothenic acid added in varying quantities. The extent 
of growth was measured in all cases after 24 hours incubation by 
comparing turbidities quantitatively in the turbidimeter (3), 
which was calibrated by use of a cell suspension of the organism 


in question. 

















E. E. Snell 123 


Results of tests on the pure salts showed them to have almost 
the same activity as the unpurified reaction products, indicating 
essentially quantitative yields in the condensation. Detailed 
data obtained with the crude sodium salt described above are 
given in Table I. From the data it is evident (a) that the sulfonic 
acid analogue of pantothenic acid has no growth-promoting effect 
by itself, but rather inhibits growth; (6) that the level required 
to inhibit growth increases as the amount of calcium pantothenate 
is increased; (c) even large amounts of the product are non- 


TaBLe | 
Effect of Crude Sodium Salt of N-(a,y-Dihydrozy-8 ,8-Dimethylbutyryl)- 
Taurine on Growth of Lactobacillus arabinosus 


| | | 





Sodium salt 











pantothenste | itor’ geia | Molt | pantothenate | sulfonic acid | Moist cal 

7 per 10 ce. ¥ per 10 ce. mg. per 10 cc. | ¥ per 10 ce. ¥ per 10 ce. | mg. per 10 ce 
0.0 0 | 0.1 0.8 | 100 | ~~ 10.0 
0.2 0 5.1 | 0.8 300 | (5.8 
0.4 0 9.2 0.8 1,000 | 0.7 
0.8 0 9.8 0.8 10,000 0.2 
0.0 100 0.0 3.0 1,000 7.2 
0.2 10 4.9 10.0 1,000 10.0 
0.2 30 1.2 10.0 10,000 1.2 
0.2 100 2.2 30.0 10,000 5.0 
0.2 300 0.3 100.0 10,000 10.2 
0.4 100 5.8 0.2 100* 6.8 
0.4 300 1.6 0.2 1, 000* 9.2 
0.4 L000 0.3 | 0.2 10,000* 12.8 


*To these tubes, not the condensation product, but the indicated 
amounts of both taurine and the di-lactone were added. 


toxic if sufficient pantothenic acid is added; and (d) mixtures of 
taurine and lactone have no such inhibiting action, but rather 
stimulate growth somewhat when the level of pantothenic acid 
in the medium is suboptimal. Separate experiments showed this 
stimulation to be due to the lactone alone, which appears to be 
somewhat available for growth of this organism at these high 
concentrations. Woolley (4) has previously described a strain of 
hemolytic streptococcus which can utilize the lactone moiety of 
pantothenic acid for growth. 

From the known fact that only dextrorotatory pantothenic acid 
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(from the levorotatory lactone) possesses growth-promoting 
activity for lactic acid bacteria (5) it appears probable that only 
the sulfonic acid derived from the levorotatory lactone would 
possess growth-inhibiting properties. While no attempt has been 
made to separate enantiomorphs, condensations have been run 
with both the (+)- and (—)-lactones,! and the sodium salts 
obtained purified as described above and tested. Data are given 
in Table II. The sulfonic acid from the (—)-lactone is about 10 
times as active as that from the (+-)-lactone, despite the racemiza- 
tion which must have occurred with both forms in the alkaline 


TABLE II 


Comparative Activities of Condensation Products Derived from (+)- and 
(—)-Lactones 


The test organism was Lactobacillus arabinosus. 





| Moist cells 
Calcium | Sodium salt of . 





pantothenate | sulfonic acid Sodium salt from | Sodium salt from | Sodium salt from 

dl-lactone (—)-lactone (+)-lactone 

¥ per 10 cc. ¥y per 10 cc mg. per 10 cc. mg. per 10 ce mg. per 10 cc. 
0 0 0.0 0.0 0.0 
0.3 0 13.8 13.8 13.8 
0.3 10 13.6 12.7 13.8 
0.3 30 10.0 6.8 13.8 
0.3 LOO 5.0 3.5 13.0 
0.3 300 2.6 0.0 7.9 
0.3 LOO0 0.0 0.0 1.3 
30.0 L000 13.8 13.8 13.8 


melt at the elevated temperatures employed. This indicates 
clearly that the “toxic” action of the sulfonic acid is due chiefly, 
if not entirely, to the component part derived from the (—)- 
lactone. Thus the growth inhibition by the condensation product 
shows the same configurational specificity as does growth promo- 
tion by pantothenic acid. In further experiments the sodium salt 
derived from the (—)-lactone has been used. 

In Table III are given results obtained with other organisms. 
Lactobacillus arabinosus is included for comparison. All of the 
organisms listed with the exception of Escherichia coli require 


' Kindly furnished by Merck and Company, Inc. 
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pantothenic acid for growth (7); yet their sensitivity to growth 
inhibition by the sulfonic acid analogue varies greatly. Lacto- 
bacillus arabinosus is the most sensitive of all organisms tested, 
while the very similar Lactobacillus pentosus is among the most 
Escherichia coli is unaffected by the condensation 
Separate tests on Staphylococcus aureus, Shigella para- 


resistant. 
product. 


TaBLe III 
Effect of Sulfonic Acid Analogue of Pantothenic Acid on Other Species of 


























Bacteria 
Moist cells 
Calcium | a | | Propion- 
manave | SUlfonic | peeve | bacillus | Strepto, | sbacte- | ‘resiee | wether 
arabinosus pentosus | Jactis R pentess- aunt. tchiat coli 
17-5 | 124-2 | coum P-11 | %4e8 
veeton.! Sl" | Sle | Ber | wer | WaT | BaP | War 
0 0 0.05 | 0.9 | 0.9 1.1 0.9 4.8 
0.3 | O 13.8 | 9.9 | 4.2 15.0 4.3 
0.3 | 0.3 0.0 | 9.9 2.7 3.7 | 4.2 4.8 
0.3 1.0 0.0 | 99 | O08 0.3 | 4.3 4.8 
0.3 3.0 0.0 7.2 0.1 0.0 4.1 4.2 
0.3 10.0 2.1 0.0 0.0 | 3.0 4.8 
0.3 50.0 0.1 0.0 | 0.0 0.2 | 5.5 
30.0 10.0 3.7 10.0 $0 | 20.5 5.0 5.1 
100.0 10.0 13.8 10.2 3.5 30.0 4.9 5.5 
30.0 50.0 13.6 4.1 5.0 5.0 | 6.8 
100.0 50.0 13.6 3.5 | 16.3 5.0 | 6.1 





* For these organisms 100 y of thymine were added per 10 ec. of medium 
(6). Propionibacterium pentosaceum was incubated for 48 hours, the 
remainder of the organisms for 24 hours, before turbidity measurements 
were made. 

+ No pantothenic acid was added for these organisms except for the 
results shown in the last four entries of the column. 


dysenteriae, and Brucella abortus likewise failed to reveal inhibi- 
tion in concentrations of the condensate up to 1.0 mg. per 10 ce. 
of medium. 

Effect of Sulfonic Acid on Yeast—An interesting case is presented 
by yeast, which requires pantothenic acid for rapid and extensive 
growth, but which can utilize 8-alanine for the same purpose. 
Tests were made with the Gebriider Mayer strain of Saccharomyces 
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cerevisiae on two different media. In Table IV are data secured 
on the asparagine medium described by Williams and Saunders 


TaBLe IV 
Effect of Sulfonic Acid Analogue of Pantothenic Acid on Yeast Growth 


Incubation period, 16 hours; seeding, 0.04 mg. of moist cells per 10 ec. 
of medium; medium, Williams and Saunders (8). 








lias | Sodium salt | | a i 
Cal } Cal Sod salt of | 
pantethenate wre. i acid | Moist cells | santathunate aalbabe acid Moist cells 
_ 0 ee — — _ -_ = ——— 
y per10ce. | yperl0ce. | mg. per 10 ce. ¥ per 10 ce. y per 10ce. | mg. per 10ce. 
0.0 0.0 | 0.12 0.0 ' 3.000 | 0.0 
0.01 0.0 | O30 | O11 | 3,000 0.12 
0.02 | 0.0 | 0.65 0.3 | 3,000 | 0.50 
0.03 0.0 | 1.0 1.0 | 3,000 | 1.10 
0.0 | 1000 0.05 | 0.0 | 10,000 | 0.00 
0.038 | 100 | 02 | 08 10,000 | 0.05 
0.05 | 1000 0.30 | 1.0 10,000 | 0.36 
0.10 1000 | 0.70 | 3.0 10, 000 1.30 
0.30 | 1000 1.00 | 
TABLE \ 


Effect of Sulfonic Acid Analogue of Pantothenic Acid and of 8-Alanine on 
Yeast Growth 
Incubation period, 16 hours; seeding, 0.02 mg. of moist cells per 10 ce. of 


medium; medium, Snell ef al. (9). 


. Sodium salt Sox = 
-. re aeid Moist cells §-Alanine poe ey Moist cells 
y per 10 cc > per 10 cc mg. per 1U Cc. y per 10 ce y per l0 ce mg. per 10 cc. 
0.0 U 0.3 V0.0 0 0.03 
0.05 U 0.6 0.3 0 2.8 
0.10 0 ca 0.5 0 5.5 
0.20 0 6.2 1.0 0 6.6 
0.50 0 6.6 3.0 Uv 6.6 
0.5 1,000 2.9 0.3 1,000 3.0 
0.5 3,000 0.8 0.3 10,000 3.0 
0.5 5,000 0.4 0.5 5,000 §.5 
0.5 10,000 0.3 0.5 10,000 5.7 
30.0 10,000 6.6 0.3 10, 000* 3.5 


* 10,000 » of taurine alone were added to this tube 


(8), which is unsupplemented with other nutrilites. _Progressively 
larger amounts of pantothenic acid are required to produce the 
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same growth response as the amount of sulfonic acid in the me- 
dium is increased. Thus with 10 mg. of the sulfonic acid present, 
approximately 3.0 y of calcium pantothenate are required to 
produce the same growth effect as is produced by 0.05 y in the 
base medium alone. 

In further experiments the base medium used by Snell et al. (9) 
for biotin assay was modified by addition of 0.0002 y of biotin 
(concentrate) per 10 cc. of medium and omission of the 8-alanine. 
Thiamine and pyridoxine were added as usual. On this medium 
the response to added pantothenic acid (or 8-alanine) is much 
greater than on unsupplemented media, but occurs at an entirely 
different range of concentration. The data are given in Table V. 
Here again, growth induced by pantothenic acid is inhibited by the 
sulfonic acid analogue, but the inhibition is reversed by additional 
pantothenic acid. In striking contrast, growth induced by £- 
alanine is not inhibited by the sulfonic acid, although it has been 
assumed (10) that 8-alanine served only as a precursor for panto- 
thenic acid in stimulating yeast growth. This observation would, 
under proper conditions, permit a biological test for B-alanine to be 
carried out in the presence of pantothenic acid. Taurine likewise 
does not affect the growth-promoting action of 8-alanine. 


DISCUSSION 


The data presented can all be explained on the assumption that 
the physiologically inactive sulfonic acid is structurally so similar 
to pantothenic acid that it interferes with the metabolism of the 
latter. MelIlwain (11) has shown pyridine-3-sulfonic acid and its 
amide to interfere in nicotinic acid metabolism by microorganisms 
in this same manner, an observation which suggested the present 
work. With organisms which synthesize their own pantothenic 
acid, no toxic effect of the sulfonic acid has yet been observed. 
Similarly, when the organism can utilize 8-alanine in place of 
pantothenic acid, no growth inhibition is apparent. No explana- 
tion can yet be given for the marked differences in sensitivity to the 
sulfonic acid of organisms which require preformed pantothenic 
acid. Two possibilities are (a) differences in cellular permeability 
to the sulfonic acid, and (b) quantitative or qualitative differences 
in pantothenic acid metabolism. 
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SUMMARY 


The preparation of the sodium and barium salts of N-(a,y-di- 
hydroxy-8 ,8-dimethylbutyryl)taurine is described. These prod- 
ucts, when present in sufficient amount, inhibit the growth of all 
organisms tested which require preformed pantothenic acid, al- 
though there are marked differences in sensitivity of various or- 
ganisms to the substance. In all cases the inhibition can be 
overcome by supplying additional pantothenic acid. Growth 
inhibition has not been observed in organisms which synthesize 
their own pantothenic acid, either completely or from added 
8-alanine, although the number of such cases tested is limited. 
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Manometric methods are widely used for measuring the rate of 
oxygen uptake and carbon dioxide output by enzyme solutions 
and tissue suspensions, and do indeed give the true chemical rates 
of such processes if these are slow compared with the rate of 
diffusion between the gas and liquid phases. With faster pro- 
cesses diffusion also becomes a limiting factor and the manometric 
readings then vary with the speed of shaking of the vessel and the 
relative volumes of the gas and liquid phases (Dixon and Elliott, 
1930). If these conditions are kept constant, the observed rate 
should, in the case of a given process, be a definite function of the 
diffusion and chemical reaction velocities, and it might be possible 
to deduce from the observed over-all rate that due to the chemical 
reaction alone. If so, the manometric method could then be 
extended to faster biochemical processes than could previously 
be followed by its aid. The matter has lately been brought to a 
head by the need of studying the kinetics of CO, uptake and output 
by buffer solutions, in the presence of carbonic anhydrase, at far 
higher rates than those for which the usual manometry was 
hitherto available. A procedure for calculating the true rates of 
chemical reactions in the body of the liquid has been worked out, 
and has been shown to be valid not only for carbonic anhydrase 
but also for O. evolution from catalase solutions. The treatment 
is based on the stationary liquid film theory of physical chemists, 
which, though widely used for inorganic processes such as CO, 
uptake by NaeCQO, solutions, does not seem to have been used 
before in biochemical reactions, to which it may well have other 
applications besides the cases considered in this paper. 
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STATIONARY FILM THEORY OF GAS-LIQUID INTERCHANGE 


When a gas and a liquid are stirred or shaken together, it is 
assumed that the main bulks of the gas and liquid phases are 
infinitely well stirred but that on either side of the interface there 
are stationary films of gas and liquid, diffusion through which, 
governs the rate of the interchange process (see reviews by Taylor 
(1930), Sherwood (1937)). In the case of gases of poor and moder- 
ate solubility, such as O, and COs, the gas films can be neglected 
and the diffusion rate is then determined solely by the area and 
thickness of the liquid stationary film. The thickness of the 
liquid films varies from 0.001 to 0.04 cm., according to the speed 
of stirring or shaking. It is difficult to picture the physical forces 
responsible for maintaining such films many thousands of molecules 
thick, but their tangible existence seems to be shown beyond 
doubt by the direct optical observations of Davis and Crandall 
(1930). 

Simple Physical Solution of Gas—When solution of the gas 
occurs without any chemical reaction, the stationary film theory 
states that 


D; 
Rate of gas uptake = r Alq; — cz) (1) 
where DL, = diffusion coefficient of the dissolved gas 
5 = thickness of the stationary film 
A = area of the stationary film 
c, = concentration of the dissolved gas at the outer surface of the 


stationary film = ap, 
a = solubility coefficient of the gas in the liquid 
ps = pressure of the gas in atmospheres 
= average concentration of the dissolved gas in the bulk of the 


liquid phase 


Equation 1 also holds good for liberation of dissolved gas from 
liquid. It has already been verified by numerous observers but, 
since its validity and application are crucial for the present paper, 
we have made further tests by the boat-manometric method (de- 
scribed by Roughton and Booth (1938)). In one such experiment 
t.2 cc. of water were shaken smoothly at 290 times per minute with 
a 59 ce. gas phase containing CO, at about 5 per cent atmosphere 
and the CO, uptake followed manometrically. The results are 
plotted in Fig. 1, A. 
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If po = initial CO, pressure in the gas phase (in atmospheres) 
p., = CO, pressure in the gas phase when equilibrium with the liquid 
is reached 
c, = CO, concentration in the liquid at equilibrium (measured in cc. 
of CO, per cc. of liquid) 
Ve = volume of gas phase in cc. 


7, = volume of liquid in ce. 
total amount of CO, in the gas and liquid phases 


a 
{l 


then from Equation 1 it follows that the rate of CO, uptake in 
ec. per second = 


dy Vadg dc, D 
«Ver a ae Ff, ae=se~ 2 
Vor = a Vin 5 Ale cx) (2) 
Now 
Veg V 
—<S +Vier =G= (= + vs) Cup (3) 
a a 
Therefore 
Ve 
G-CtL= (a ca) (1+ :) (4) 
aVy 


‘ 


From Equations 2 and 4 it follows that 


dp 


, D V 
—Ve — 5 Afp —_ Peo) (« + ve) (5) 
L 


dt 


Integrating, we have 


Po— Pe _D a I . 
log ~*~" = —A( — +—-)t 6 
ayes 7a (* +2.) (6) 


Log (p; — p,,) plotted against time should therefore give a straight 
line of slope equal to DA(a/V¢ + 1/V,)/é. Fig 1, Bshows that this 
is so and the value of DA/é in the above units comes out at 0.44. 

Solution of Gas Accompanied by Chemical Reaction with Non- 
Volatile Solute—Iin this case the solute also penetrates into the 
stationary film and reacts there with the dissolved gas as well as 
in the body of the liquid, so that conditions become very complex. 
If the chemical rate is very fast compared with diffusion and is 
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irreversible, then if various simplifying assumptions are made 
(see Davis and Crandall (1930)) the initial rate of gas uptake = 


Digg + Ds Ce (7) 
5 


where D, = diffusion coefficient of the reacting solute 
c, = concentration of the reacting solute in the body of the liquid 


Equation 7 has been roughly verified in a few cases in which 
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Fic. 1. Rate of uptake of CO, by water A = pressure of CQ, in gas 


phase versus time; B = test of Equation 6. 


(a) the solubility of the gas, the diffusivity of the solutes, and the 
apparent thickness of the films, (b) the convection due to the heat 
produced in the films by the reactions. 

A good qualitative example of the theory underlying Equation 7 
is furnished by Dixon and Elliott’s observation that at the usual 
rate of shaking (about 120 round trips per minute) the rate of 
oxygen uptake from air by concentrated yeast suspensions in the 
Barcroft apparatus is far less than by alkaline pyrogallol solu- 
tions. In the yeast suspensions D, and ¢, are both negligible com- 
pared with D; and ¢;, whereas in the pyrogallol solutions, in the 
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concentrations used, c, is 20 or more times greater than c; and 
D, is probably not less than half of D;. The D,c, term in Equa- 
tion 7 should therefore be much greater than D,c; and the rate of 
O, uptake should be correspondingly exalted. A quantitative 
test of Equation 7 is not, however, possible in this case, since the 
rate of reaction of O, with pyrogallol is not “instantaneous” 
compared with the diffusion rates. 


CALCULATION OF EFFECT OF DIFFUSION IN GAS-ENZYME REACTIONS 

Enzymes, being proteins, have diffusion coefficients which are 
only abot 1 to 5 per cent of those of dissolved O, or CO2; the 
concentration of the enzyme is, as a rule, even lower relative to 
that of the dissolved gas. The D,c, term in Equation 7 is thus 
negligible in comparison with D,c,, and it therefore seems justifiable 
to disregard the chemical reactions within the stationary film, 
and, from the diffusion view-point, to treat the latter as equivalent 
to pure solvent. This simplifying assumption not only seems 
a priori sound, but also leads to good agreement of theory and 
experiment. 

Uptake Processes 

Hydration of CO, in Presence of Carbonic Anhydrase—Ac- 
cording to the Michaelis theory the true rate of this reaction 
equals 


keu Ee, 
cL + K mu 


(8) 


where E = concentration of enzyme 
Knu = Michaelis’ constant of enzyme 
velocity constant for dissociation of the enzyme-substrate 


| 


> 
2 
= 

ll 


complex 


The validity of Equation 8 for carbonic anhydrase has been 
confirmed by Roughton and Booth (unpublished). If ¢, is small 
compared with Kyu, R tends to the value k,.He:/Kmy and at fixed 
enzyme concentration the reaction is thus practically unimolecular 
with respect to dissolved CO,. This is the simplest case to work 
out and test. The solution is as follows: when the steady state 
is reached, the rate of diffusion of CO, through the stationary 
film equals its rate of combination in the body of the liquid. 
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Therefore 
key Be Vi 
Kyu 


where 0, = Ke /Kmu. Whence 


D;A D;A ! 
Cc. = Cy — + 6, Vz (10) 
6 6 
D;A DA , 
Ri = 64Vi X ; «/( “ + V1) (11) 


If there were no restriction due to diffusion, the concentration of 
CO, in the bulk of the liquid would be equal to ¢;, and the true 
rate R would be given by 


D: 
5 A —¢c,) = = O,c,Vi = Ri (9) 





and 


From Equations 10, 11, and 12 it follows that 


D;A D;A 
R= - cat / ( “The, - r.) (13) 


As the enzyme concentration is raised, the observed rate A, tends 
to a maximum value F,,, the reaction in the bulk of the liquid be- 
coming so fast that c, tends to zero. From Equation 9 it therefore 


follows that 


D;A 
Rn = : Cy (14) 
6 
and from Equations 13 and 14 that 
Rm Ry 
R= (15 
Rm =e Ri ? 


R,, can be measured by a direct experiment at high enzyme con- 
centration and Equation 15 then gives a simple way of calculating 
the true rate R from the observed rate R, when the latter is 
limited by diffusion. From Equation 14 D;A/é = R,,/e;; 80 
that if the treatment is correct the value of D;A/é6 obtained in this 
way should agree with the value obtained from the rate of uptake 
of CO, in plain physical solution, as described above. 

In Fig. 2 on the lower curve is shown the rate of enzymic CO; 


- 


uptake by 4.2 ec. of m/40 phosphate buffer, pH 7.3, in the presence 
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of various amounts of carbonic anhydrase at 0°. At low enzyme 
concentration the points fall on a straight line through the origin, 
but, as the enzyme is increased, diffusion begins to affect Rz, 
which finally tends to a maximum at high concentrations = 
R,,. The upper curve of Fig. 2 represents the true rates, R, as 
calculated from R, and R,, by Equation 15. They fall, within 
experimental error, on the straight line passing through the origin 





-— 











RATE OF ENZYMIC REACTION 


4 —— hh aC 


CARBONIC ANHYDRASE CONCENTRATION 





Fig. 2. Rate of CO, uptake by m/40 phosphate, pH 7.3, 0°, in presence of 
various amounts of carbonic anhydrase. X = observed rate; O = rate 
corrected for diffusion by Equation 15. 


and the low values of R,. This is to be expected from Equation 8 
and is thus a confirmation of the theory. 

The value of D;A/é, given by R,,, comes out at 0.65. This is 
about 50 per cent higher than the values given by Fig. 1, for 
which a less rapid and violent shaker was used than in the present 
experiment. ‘Two experiments on the rate of CO. uptake in 
solution under the same shaking conditions as were employed for 
the readings in Fig. 2 gave values for D,A/é of 0.64 and 0.63, 
which agree excellently with the value of 0.65 obtained from R,,. 
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Output Processes 

The general theory has been tested out successfully in four 
different instances. 

Simple Physical Desolution—Equation 6 therefore again holds; 
so that log (p, —pi) plotted against time should accordingly give 
a straight line. This was checked for the rate of CO, output from 
a solution of CO, in dilute HCl, when the latter is shaken with 
air at } atmosphere. The value of DA/é came out at 0.44, in 
exact agreement with the value in Fig. 1, which should indeed be 
so, as the shaking conditions were identical in the two cases, 

Dehydration of HzCO; to CO, in Presence or Absence of Carbonic 
Anhydrase and at Various pH Values—Let HeCOs concentration 
in the bulk of the liquid be z,. 

K = equilibrium constant of the reaction CO, + HyO = H:COs; = [CO}],/ 
{[H,CO;]_, = about 900 at 0° 


ky = output velocity constant of the reaction H:,CO;— CO, + H,0O in 
absence of enzyme 

6> = output velocity ‘‘constant’’ for additional rate of dehydration when 
carbonic anhydrase is added 

k, = uptake velocity constant of the reaction CO, = H,O — H,CO,; in 


absence of enzyme 
§,, = uptake velocity ‘“‘constant’’ for additional rate of hydration when 


carbonic anhydrase is added 


Other symbols have the same significance as above. 
By the law of mass action 
ko 8 ko + % 


K=-— == 


= (16)! 
ku Oy ku + Oy 


We then have 

R, = observed rate of CO, output into gas phase 
= (ko + 6o)a.Vr — (ky, + 0, er Vi= (ko maa 80) (zz _ c./K)V1 (17) 
= at steady state DA(c, c;)/6 

R = true rate of CO, output into gas phase if diffusion were not limiting 


= (ko + 60)2,V_ ky + O.)ecVi = (ko + 00) (2; ce: /K)VL (18) 
R,, = maximum rate of CO, output into gas phase at very high enzyme 
concentration 
= DA(x,K ce) /6 (19) 
for in this case the CO, and H.CO, are always in equilibrium in the 
body of the liquid and therefore c, = 2,K 


1 @) and @, are both proportional to the enzyme concentration (but inde- 
pendent of the substrate concentrations if the latter are small compared 
with the Michaelis constants). 
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From Equations 17, 18, and 19 it follows that R = R,,R,/ 
(R,» —Rz); t.e., Equation 15 again holds good. The actual value 
of R,, a8 Shown below, depends upon the pH of the bicarbonate- 
buffer mixture, whereas in CO, uptake processes F,, is independent 
of the pH (between 6.5 and 9.5) of the buffer mixture absorbing 
the COx. 

Let 6 = total CO, in solution in all forms at ¢ = 0 

[COs], + [H2COs], + [HCOs], 

Under maximum rate conditions 
cr = [CO], = K{H2COs|, = ag f{[HCO,;'),/AK: 

where ay = hydrogen ion activity of solution 


f = activity coefficient of bicarbonate ion 
K{ = apparent first ionization constant of carbonic acid 
Therefore 
- b b 
+ K T x fay 


since K = about 900. 


DADA b . 
At zero time Ry = - cL = re re K’ fan (20) 
The applicability of Equations 15 and 20 has been tested by 
measurements of the rate of CO, output from mixtures of bicarbon- 
ate with cacodylate and acetate buffers at 0°. The HCO; con- 
centration was held constant at 0.0025 m but the pH was varied 
from 6.3 to 4.7. The results and corrections are given in Table I. 
By the law of mass action the true rate of the reaction at 
t= 0 is 


R ko(1 + 1A’ 'b 
— = k(l + 1A’)(H2CO;), = wu + ta 


= : (21) 
Vi auf + Ky 


where A’ = concentration of buffer anion, i.e. cacodylate or acetate 
| = catalytic coefficient of buffer anion (see Roughton and Booth 
(1938) ) 
K, = true first ionization constant of carbonic acid, assumed 2.3 X 
10~* at 0° (Roughton, unpublished data) 
ko = is assumed to be 2.0 (Roughton, unpublished data) at 0 


The last two columns’ of Table I show that the value of R/V, 
as calculated from Equation 21 agrees to within 1 per cent on the 
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average with the value of R/V, calculated from the observed 
results with the aid of Equations 15 and 20. The maximum 
divergence is no more than 10 per cent. The validity of the 
method for output processes is thus strongly confirmed. In the 
case of the carbonic anhydrase experiments it is more accurate 
to obtain F,, from the rate of CO, output with a high concentration 
of enzyme added to the bicarbonate-buffer mixture than by 
Equation 20, as was done in Table I. 

Lag Period in Evolution of CO, from Bicarbonate-Buffer Mixtures 

-When bicarbonate and buffer are mixed and shaken together in 
a manometric vessel, there is, as has long been known, a lag in 


TABLE | 
Comparison of Observed Rates (Corrected for Diffusion) and Theoretical Rates 
of CO, Output from Bicarbonate-Buffer Mixtures of Various pH Values 


ay X 10 P KL mp | Rm “ RmRL X 10° ko Places hs x 10 

Vr Vr Vz(R»,— Rx) ans+ Ki 

0.57 0.87 1.0 2.3 1.04 1.13 

0.98 0.90 1.88 2.7 2.04 2.07 

1.95 0.91 3.32 3.05 3.74 3.78 

1S 0.78 6.36 3.28 7.9 8.15 

9.6 0.80 11.3 3.39 17.0 16.13 

12.0 0.81 13.2 3.42 21.5 20.6 

19.1 0.83 17.5 3.46 35.6 33.3 


l for cacodylate = 9.0; / for acetate = 0.6. 


the rate of CO, output during the first 15 to 20 seconds compared 
with that found later (see Fig. 3). Controls show that the lag is 
not due to slowness of mixing, which should take only 1 second, 
nor to temperature changes, evolution or absorption of gases 
other than CO, on mixing, or inertia of the manometric gage fluid. 
On the stationary film theory, however, the lag is explicable, 
for CO, cannot diffuse across this film at the full rate until enough 
CO, has been formed in the body of the liquid by the progress of 
the He.CO; — CO, + H,O reaction. The actual quantitative 
effect can indeed be worked out as follows. 

If the liquid is well buffered and the pH is >6.3, the half time 
of the reaction is 200 seconds or more, so that the HCO,’ and 
H+ concentrations are sensibly constant during the first 20 seconds, 
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and the rate of the back reaction during this period can be neg- 


lected. 
The total CO, formed in time t, if 0<t<20 seconds, is then 


equal to 
Vikot(1 + LA) (H2COs] = Vikot(1 + LA’)an f(HCOs']/Ki = oVit 


where ¢ is a constant which can easily be calculated in any given 
experiment. 
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SECONDS 


Fig. 3. Effect of diffusion on early stages of CO, output from bicarbonate- 
eacodylate-enzyme mixture. Curve A, theoretical curve if diffusion is 
‘infinitely’? rapid; Curve B, curve obtained by allowing for diffusion in 
accordance with Equations 25 and 26. O and X = observed rate of CO, 
output in two experiments. 


From Equation 3 the total COQ, formed in time t = Vepi + 
Vict. From Equation 2, Ve(dp;/dt) = DA(c, —piea)/6. 
From these last three equations it follows that 


dp DA DA a 1 
Melanie 2a 22 
di Vo” 8 n( + >) on 
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Therefore 
_ ve Y —st . , 
y= 3 + 3 (eo — 1) (23) 
where 
_ DA ,-DA(a, } Ps 
oe. ee ee We = 


lf the diffusion were “infinitely” fast, the pressure of COs, p’;, 
which would be developed in time ¢ would be given by V¢p’; + 
Viap’; = Vit. Whence 


; oVil 
Lt teat 3 25 
vt” Fe 4+ e¥i (25) 


From Equations 23, 24, and 25 it follows that 


; l 
x =|1+— (et — }) (26) 
j Bt 


p:i/p’; should therefore be independent of pH, bicarbonate, and 
enzyme concentration. 

With processes which are not too fast, @ can be accurately 
calculated from the manometric readings after 20 seconds, for by 
then the lag is over: Equation 25 then gives p’; and Equation 26 
the corresponding value of p;. Fig. 3 shows the results of two 
experiments upon the early stages of COQ. output from a mixture 
containing 0.005 mw NaHCOs, 0.006 m cacodylie acid, and 0.006 


* A more elaborate set of equations is necessary if the HCO,’ and the 
H* concentrations do change appreciably during the first 20 seconds, or if 
the velocity of the back reaction is significant. These equations lead, 
however, to a final differential equation for p; which does not seem to be 
exactly soluble, though an approximate solution can be obtained in the 
form of a fairly rapidly convergent power series 

p: = y(l?/2) + Asl? + l* 4 (27) 


where Az, Ay, ete., are constants. The justification for assuming such a form 
is that Equation 23 when expanded gives the convergent power series 
pi = y(2/2) — y(BB/3’) + y( 64/4’), and when! — Othe values of p; given 
by Equations 23 and 27 should tend to the same limits, but for ¢ > 0 the 
value of p; given by Equation 27 should, from the physicochemical condi- 
tions of the problem, always be less than the value of p; given by Equa- 


tion 23. 
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ou Na cacodylate, pH about 6.2, temperature 0°, with a small 
amount of added carbonic anhydrase. Under these conditions 
8 = 0.17, and the lower smooth curve in Fig. 3 is that calculated 
from Equation 26 by substituting this value of 6. The experi- 
mental points are seen to fall within experimental error upon the 
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Fic. 4. Rate of O, output from 0.0048 m H,O, in m/40 phosphate, pH 7.3, 
0°, in presence of various amounts of catalase. X = observed rates; O = 
rates corrected for diffusion by Equation 15. 


theoretical curve. Equally good agreement was also found for 
CO, output from bicarbonate-phosphate buffer mixtures (pH 6.8) 
both at 0° and at 15°. 

In the output processes covered by Equations 16 to 26 the 
CO; concentration is generally so much larger than the H,CO; 
concentration that penetration of the latter into the stationary 
film has been neglected. 
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Decomposition of HO. by Catalase—From the kinetics of the 
H,O0.-catalase reaction, it can also be shown that the correction 
formula (Equation 15) should again be applicable. The points 
on the lower curve in Fig. 4 give the observed rate of O2 output 
R, (by the boat-manometric method) from a solution of 0.0048 w 
H,O, in M/40 phosphate buffer, pH 7.3, at 0°, in the presence of 
various amounts of purified horse liver catalase (kindly supplied 
by Professor Keilin and Dr. Mann). The value of R,, was de- 
termined by a special experiment with excess catalase concentra- 
tion, a further 4-fold increase in the latter producing no change in 
the rate of O. output, thus proving that the maximum rate had 
been attained. The points on the upper curve in Fig. 4 give the 
values of R as calculated from R, and R,, by Equation 15. They 
fall to within 8 per cent upon the straight line passing through the 
low values of R,, as the theory requires. 

The numerical value of R,, was found to agree quite closely with 
that for CO, at the same concentration, as should indeed be the 
case, since the diffusion coefficients of O2 and CO, in water agree 
to within 20 per cent. 

It was hoped to include an example of an enzymic O2 uptake 
process as well as the O, output process just described. Some pre- 
liminary experiments were done with catechol oxidase (samples 
kindly supplied by Professor Keilin and Dr. Mann) but even at 
the highest available concentrations of the enzyme the speeds of 
O, uptake were not fast enough for the diffusion corrections to be 
necessary or applicable. In the time at our disposal we were 
unable to try any other cases. 


DISCUSSION 


In the instances given above, the chemical reactions have been 
unimolecular with respect to the dissolved gas. With reactions of 
different order the correction equations need modification. Con- 
sider, for example, the general case of CO, uptake by buffer solu- 
tions in the presence of carbonic anhydrase when the substrate 
concentration is not assumed necessarily to be small in comparison 
with the Michaelis constant K,,,. Equation 9 should then read 


Kew Bou Vi 


=k (28 
cr + Kmu , 


5 Alc —cy) = 
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and from Equations 8, 14, and 28 it then follows that 


R= Rm Re = ee = 
Rm — Ri + Kmu 


Rn Ry Cy Ri 
on ( wn. *e) 


In the particular case of ¢; being small compared with Ky. 
Equation 25 reduces to R = Rp»Ri/(Rn — Rx); 7.e., Equation 
15. Equation 29 must, however, be used when c; is of the same 
order as K,,,.2. When ¢; is large compared with K,,,, the reaction 
becomes of zero order with respect to CO, and Equation 29 re- 
duces to R = R,; «.e., no correction for diffusion is required. It 
is thus clear that before the diffusion correction can be worked out, 
the chemical kinetics of the particular reaction must be known. 
This knowledge, however, can often be obtained by working in a 
restricted range, in which the diffusion corrections are inappreci- 
able; e.g., at very low enzyme concentrations. 

Perhaps the most striking result of the present paper is the 
identity of the initial rate of CO, uptake by plain water with that 
by phosphate buffer containing a high concentration of carbonic 
anhydrase. This is a strong confirmation, both of the general 
theory in this paper and of the whole theory of the stationary 
film, for such a result would be extremely hard to understand on 
any other theory. The difficulty of picturing the nature of the 
physical forces responsible for the maintenance of the films makes 
such additional evidence certainly welcome. 

According to Conant and Shearp (quoted by Davis and Cran- 
dall (1930)) the rate of absorption of O. and Hy, by a saturated 
solution of oleic acid in water is the same as by water itself in spite 
of the absorption of the oleic acid at the gas-liquid interface and 
the increased tendency to foam formation, which would perhaps 
be expected to alter DA/é. In the instances reported in this paper 

* Similarly for CO, output from bicarbonate-buffer mixtures it can be 


shown that if the substrate concentration, z,, is not small compared with 
the Michaelis constant, Kno, then at t = 0, 


Rn Rt riRy ‘ 
s Rm, — Rt (1 + pee) = 
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the total protein concentration has always been very low, but if 
the concentration is raised enough to affect not only the surface 
tension but also the viscosity of the solution considerable de- 
pressions are observed. Thus the rate of solution of gases when 
shaken with strong hemoglobin solutions or whole blood is found 
to be only about one-fifth of the rate in pure water. Further work 
on these lines would be of interest; e.g., on the effect of adding 
other proteins to strong carbonic anhydrase solutions in regard to 
the observed values of R,,. 


SUMMARY 


The chemical kinetics of gas-liquid reactions can only be re- 
corded manometrically (7.e. by observations of the change of 
pressure of the gas phase with time) if the rates so observed are 
independent of the speed of shaking of the manometric vessel and 
of the relative volumes of the liquid and gas phases. Otherwise 
the observed rates depend on the speed of diffusion of dissolved 
gas between the two phases as well as on the true speeds of the 
chemical processes. 

The effect of diffusion can, however, be allowed for by assuming 
the existence, at the boundary between the two phases, of a 
stationary film of liquid, diffusion through which determines the 
rate of exchange of gas between gas and liquid, the main bulks of 
which are both assumed to be infinitely well stirred. If the solute 
molecule with which the gas reacts is of low concentration and 
diffusivity compared with the dissolved gas, the solute will pene- 
trate into the stationary film so much more slowly than the gas 
that chemical reaction in the film itself can be neglected. With 
this simplifying condition it is possible to work out correction 
equations from which the true rates of chemical reactions can in 
certain cases be obtained, even when the observed manometric 
rates are only one-third of the true chemical rates. The range of 
the manometric method is thus greatly extended. 

The equations have been checked by observations on (a) the 
rate of CO, uptake by, and CO, output from, simple physical 
solution, (b) the rate of CO, uptake by buffer solutions in the 
presence of various amounts of added carbonic anhydrase, (c) 
the rate of output of CO, from bicarbonate-buffer mixtures of 
various pH values with and without added carbonic anhydrase, 
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(d) the rate of OQ. output from H,O»-catalase mixtures. Good 
agreement between theory and experiments is found in each 
ease, and in addition good cross-checks are obtained. 

The success so far reached suggests that similar methods may 
have further biochemical scope and interest. 


The experiments in this paper were carried out by Dr. V. H. 
Booth either alone or with myself. I wish to thank him warmly 
for this and other help. 
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SUGAR ALCOHOLS 


XXII. METABOLISM AND TOXICITY STUDIES WITH MANNITOL 
AND SORBITOL IN MAN AND ANIMALS* 


By FRED W. ELLISt ano JOHN C. KRANTZ, Jr. 


(From the Department of Pharmacology, School of Medicine, University of 
Maryland, Baltimore) 


(Received for publication, July 7, 1941) 


The fate of mannitol and sorbitol in the animal body has been 
investigated by a number of workers for many years. Neverthe- 
less, the available data are quite confusing and the older literature 
relative to the metabolism of these compounds is controversial. 
This literature has been reviewed by Todd, Myers, and West (1) 
and by Blatherwick et al. (2). 

Recently, however, experimental findings of workers in this field 
have been more consistent concerning certain phases of the me- 
tabolism of these sugar alcohols. Mannitol (1, 3, 4) and sorbitol 
(1, 5) definitely produce hepatic glycogen when fed to fasted rats 
over a period of days. Glycogen formation also occurs when 
sorbitol is given intraperitoneally to fasted rats (1, 6), but there 
is still some controversy concerning glycogen deposition following 
the oral administration of sorbitol (1, 2, 5). Mannitol does not 
deposit glycogen in the livers of fasted rats following administra- 
tion either by stomach tube or intraperitoneally (1, 3). 

Carr and Krantz (3) reported that the oral administration of 
mannitol only slightly increased the respiratory quotient of the 
rat and produced a mild hyperglycemia in rabbits. Todd e¢ al. 
(1) found that sorbitol elevated the blood sugar in dogs after in- 
travenous injection but mannitol did not. These authors state 


* The expense of this investigation has been defrayed in part by a grant 
from the Atlas Powder Company, Wilmington, Delaware. 

+ The material contained in this paper is part of a thesis submitted by 
Fred W. Ellis to the Faculty of the Graduate School of the University of 
Maryland in partial fulfilment of the requirements for the degree of Doctor 
of Philosophy. 
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further that after intravenous injection of sorbitol into dogs only 
40 to 50 per cent of this compound was recovered in the urine. 
According to Waters (6), intravenous injection of sorbitol into 
fasting dogs produced only a mild hyperglycemia and markedly 
depressed the glucose tolerance curve of the normal and depan- 
creatized animal. Smith, Finkelstein, and Smith (7) found that 
after the intravenous injection of mannitol and sorbitol into nor- 
mal man 85 and 32 per cent, respectively, of these compounds 
appeared in the urine. 

Since these later reports indicate considerable evidence of sor- 
bitol utilization, this problem has been reinvestigated with par- 
ticular reference to the possible use of sugar alcohols by man as 
substitute carbohydrates. 

Materials—The compounds used in this study were crystalline 
mannitol and sorbitol and a commercial sorbitol syrup. This 
syrup is a non-crystallizing, aqueous solution of sorbitol having a 
polyhydroxylic compound content of about 83 per cent, and is 
manufactured by the electrolytic reduction of glucose. It is 
known under the trade name of ‘‘arlex.”’ 





EXPERIMENTAL 

Nutritive Value in Rats—Groups of white male rats, 20 to 28 
days old and weighing about 40 gm., were used in a feeding experi- 
ment over a period of 3 months. Twenty animals comprised each 
experimental group which received in the regular balanced diet 35 
per cent dextrose and 5 per cent of one of the sugar alcohols. The 
diet fed to a control group of animals was composed of 40 per cent 
carbohydrate consisting entirely of dextrose. 

The growth curves of these animals are shown in Fig. 1. These 
curves do not indicate any significant difference between the rela- 
tive nutritional values of mannitol and sorbitol under the fore- 
going experimental conditions. However, dextrose appears to be 
superior and sorbitol syrup inferior to both mannitol and sorbitol 
under similar conditions. These results are in accord with those 
of Ariyama and Takahashi (8) who have previously shown that 
mannitol is inferior to dextrose in the diet of rats. 

Glycogen Storage in Monkey—Macacus rhesus monkeys were 
fasted for 24 hours before receiving by stomach tube 8 gm. per kilo 
of body weight of the respective sugar alcohols. 3 hours later the 
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animals were anesthetized with sodium pentobarbital and two or 
three portions of liver were taken from different lobes of each ani- 
mal for individual glycogen determinations. Small samples of 
liver were removed under aseptic conditions from two monkeys 
which recovered from the operation. All of the other animals 
were sacrificed for pathological examinations. 
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Fic. 1. Growth curves of rats receiving 5 per cent of mannitol and sor- 
bitol in the diet. O represents glucose, A sorbitol, 0 mannitol, @ sorbitol 
syrup. 


The glycogen was estimated by the procedure of Good, Kramer, 
and Somogyi (9) and the dextrose was determined according to 
the Shaffer-Hartmann method (10). The results are summarized 
in Table I. These results indicate that sorbitol significantly 
serves as a precursor of hepatic glycogen, mannitol questionably 
leads to glycogen deposition, and sorbitol syrup does not give rise 
to increased glycogen in the livers of rhesus monkeys under these 
conditions. 
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Toxicity in Monkeys—The chronic toxicity of these compounds 
was studied in rhesus monkeys by means of two feeding experi- 
ments, each of which lasted for 3 months. Nine experimental 
animals, divided into three equal groups, and two control animals 
were employed in each experiment. Each such group of animals 


TABLE | 
Glycogen Storage in Livers vf Rhesus Monkeys after the Administration of 
Sugar Alcohols by Stomach Tube 


24 hour fasting period. 





Control, 30 ce. water Sorbitol, 8 gm. per kilo 
Monkey No Weight Liver glyco- Monkey No Weight Liver glyco- 
A lit gen, average wcinain ails nie gen, average 
kg. per cent kg. per cent 
20 3.79 0.19 12 3.93 0.62 
22 3.97 0.06 13 3.48 0.48 
96 1.31 0.45 16 3.87 0.32 
97 3.73 0.43 95 3.86 0.88 
QS 4.18 0.66 
99 3.50 1.35 
Mean 0.28 0.72 
Mannitol, 8 gm. per kilo Sorbitol syrup, 8 gm. per kilo 
17 3.55 0.62 11 3.51 0.25 
SY 3.56 0.47 14 3.12 0.22 
90 3.98 0.48 15 3.78 0.17 
100 3.52 0.49 9] 3.88 0.51 
101 3.72 0,27 92 4.10 0.45 
102 3.38 0.87 V4 3.25 0.46 
Pe aiinnta ta sx kale none 0.53 0.34 


was fed a different compound and each monkey received 3 gm. of 
the designated sugar alcohol in the daily diet. 

The blood sugar and urea nitrogen were determined at regular 
intervals throughout the course of these feeding periods. The 
values obtained showed no significant variations from the normal 
values. 

At the conclusion of each experiment the animals were sacrificed 
and routine autopsies were conducted. Sections of the livers and 
kidneys were prepared and examined by Dr. Henry Wollenweber, 
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pathologist in this department. Significant degenerative changes 
which might have been related to toxicity were evident in only one 
monkey, which was a member of the sorbitol group. In this ani- 
mal inflammatory changes were noted in the kidney and the cyto- 
plasm of the parenchymal liver cells showed areas of marked rare- 
faction. We interpret the liver changes as the result of kidney 
involvement rather than as the result of the feeding of sorbitol, 
since similar changes were not observed in any of the other animals 
receiving sorbitol. 

Toxicity in Man—It has been shown previously (7) that the in- 
travenous administration to normal man of as much as 80 gm. of 
either mannito] or sorbitol produced no acute toxic symptoms. 

In this investigation the chronic toxicity of these compounds 
was studied in three normal individuals. Each person ingested 
10 gm. of mannitol, sorbitol, and sorbitol syrup respectively each 
day for 1 month in three separate experiments. During each of 
these periods 24 hour urine samples were analyzed for sugar al- 
cohol content by the method of Todd et al. (11). There was no 
evidence of significant excretion of any of these compounds in the 


urine. 

At the beginning and end of each experiment blood studies were 
made and the kidney function was estimated. At no time did any 
appreciable changes occur in the red blood cell count. The renal 
excretion of phenolsulfonephthalein indicated no kidney damage. 

Laxative Action in Man—The approximate laxative threshold 
of each compound was established in twelve normal individuals. 
The “threshold dose”’ was considered the minimum amount of each 
substance which produced very soft or watery stools. This ac- 
tion was produced in the majority of subjects after the oral ad- 
ministration of 10 to 20 gm. of mannitol, 20 to 30 gm. of sorbitol 
syrup, and about 50 gm. of crystalline sorbitol. 

Respiratory Quotient and Blood Sugar Level in Man—The ob- 
servations which comprise this part of the study were made in 
several normal individuals. Standard procedures employed in 
basal metabolism and carbohydrate tolerance curve determina- 
tions were followed in all experiments. The blood sugar concen- 
tration and the respiratory quotient were determined under basal 
conditions and at pericds of } hour, 1 hour, and 2 hours after ad- 
ministration of the compound under investigation. 








— 
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Expired air of 10 minute periods was collected in a Tissot tank 
and samples were taken for determination of respiratory quotient 
by the Haldane-Henderson technique. Capillary blood for sugar 
determinations was obtained from the finger tip after each respira- 
tion period and was analyzed by the Folin method (12). 

Each basal subject ingested a definite quantity of dextrose and 
remained in an inclined position throughout the experiment. Un- 
der similar conditions on 3 subsequent days each person re- 
ceived an equal quantity of mannitol, sorbitol, or sorbitol syrup. 
In this routine manner it was possible to study the metabolic 
activity of each of these compounds in each individual. 


TABLE II 


Respiratory Quotient and Blood Sugar Level in Man after Dextrose, Sorbitol, 
and Mannitol 


Average values 


administered 
of experi- 








Substance 2 3 Basal 4 hr. 1 hr. 2 hrs. 
* | 27 | mo |Ree| = |suen'| = | encar] = | Sagar 
mg. mg. mg. mg. 
gm. per | | per | per | | per 
cent | cent | | cent | | cent 
Dextrose 50 2 0 out 82 | 0.79) 123 | 0.87) 115 0.92) 109 
Sorbitol 50 2 0.78) 93 | 0.83) 104 | 0.93) 97 | 0.98; 93 
Dextrose 25 7 | 0.77) 107 | 0.77) 147 | 0.82) 126 | 0.83) 105 
Sorbitol 25 | 7 | 0.77) 104 | 0.81) 110 | 0.80) 105 | 0.83) 103 
syrup 25 5 | 0.77; 98 | 0.77) 100 | 0.79} 98 | 0.79) 96 
Mannitol 25 5 | 0.78! 96 | 0.77; 95 | 0.79) 9410.79) 94 


In most of these tests only 25 gm. of the respective compound 
were ingested, since larger amounts usually produced catharsis, 
which interferes to some extent with quantitative studies. In 
two subjects 50 gm. of sorbitol were used without severe intestinal 
disturbance. 

The average values obtained in these experiments are shown in 
Table II. These results demonstrate the capacity of sorbitol to 
increase the respiratory quotient without appreciably elevating 
the blood sugar. Mannitol and sorbitol syrup did not signifi- 
cantly influence either the blood sugar or the respiratory quotient. 
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SUMMARY 


1. In mice and rats the laxative action of mannitol and sorbitol 
limits nutritional studies when these compounds comprise a por- 
tion of the diet. 

2. In the rhesus monkey, sorbitol is capable of storage as gly- 
cogen in the liver of the fasted animal. Under the same condi- 
tions mannitol is incapable of producing significant glycogen 
storage. 

3. The feeding of 3 gm. per day of mannitol and sorbitol to rhe- 
sus monkeys over a period of 3 months produced no histopatholog- 
ical findings or toxicological indications which were attributed 
to these compounds. 

4. In man, the daily ingestion of 10 gm. of mannitol and sor- 
bitol, respectively, for 1 month produced no significant changes 
in the non-protein nitrogen, COs-combining power of the blood, or 
the red blood cell count. The phenolsulfonephthalein test indi- 
cated no kidney damage. 

5. The approximate threshold of laxative action in man was 
determined. 

6. In normal human subjects, sorbitol increased the respiratory 
quotient above the basal level. The effect was similar within 2 
hours to that of an equal quantity of dextrose. The blood sugar 
curve remained practically normal after sorbitol. Mannitol and 
sorbitol syrup did not significantly influence either the blood 
sugar or respiratory quotient. 

7. The laxative effect of mannitol and sorbitol syrup is greater 
than that of crystalline sorbitol. 


The authors wish to thank Dr. C. Jelleff Carr and Dr. W. E. 
Evans, Jr., for their assistance in these studies. 


BIBLIOGRAPHY 


i. Todd, W. R., Myers, J., and West, E.S., J. Biol. Chem., 127, 275 (1939). 

2. Blatherwick, N. R., Bradshaw, P. J., Ewing, M. E., Larson, H. W., 
and Sawyer, S. D., J. Biol. Chem., 184, 549 (1940). 

3. Carr, C. J., and Krantz, J. C., Jr., J. Biol. Chem., 124, 221 (1938). 

$+. Carr, C. J., Musser, R., Schmidt, J. E., and Krantz, J. C., Jr., J. Biol. 
Chem., 102, 721 (1933). 

5. Carr, C. J., and Forman, 8. E., J. Biol. Chem., 128, 425 (1939). 

6. Waters, E. T., Proc. XVI Internat. Physiol. Cong., Zurich, 122 (1938). 








154 





Sugar Alcohols. XXII 





. Smith, W. W., Finkelstein, N., and Smith, H. W., J. Biol. Chem., 186, 


231 (1940). 


. Ariyama, T., and Takahashi, K., J. Agric. Chem. Soc. Japan, 6, 674 


(1929). 


. Good, C. A., Kramer, H., and Somogyi, M., J. Biol. Chem., 100, 485 


(1933). 


. Shaffer, P. A., and Hartmann, A. F., J. Biol. Chem., 46, 365 (1920-21). 
. Todd, W. R., Vreeland, J., Myers, J., and West, E. S., J. Biol. Chem.., 


127, 269 (1939). 


. Folin, O., J. Biol. Chem., TT, 421 (1928). 




















THE ISOLATION OF BACTERICIDAL SUBSTANCES FROM 
CULTURES OF BACILLUS BREVIS 
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(From the Hospital of The Rockefeller Institute for Medical Research, 
New York) 


(Received for publication, June 30, 1941) 


Two bactericidal substances, gramicidin and tyrocidine hydro- 
chloride, have been prepared in crystalline form from cultures of 
an aerobic sporulating bacillus (1, 2). This communication will 
describe in greater detail the isolation and characterization of 
these substances. 

The bactericidal material was first prepared from a strain of 
organisms (BG strain) isolated from soil and later identified as 
Bacillus brevis. Other strains tested since that time have yielded 
material with similar activity from which in some cases crystalline 
gramicidin and tyrocidine hydrochloride have been isolated and 
identified (3). In addition, McDonald (4) has reported the 
preparation by Hoogerheide of bactericidal material of similar 
properties from various aerobic sporulating organisms, and the 
isolation from one strain of a substance which was recognized as 
possibly identical with gramicidin. What follows will show that 
the identity is indeed complete. 

Previous work had shown that acidification of the autolyzed 
culture gives a precipitate from which the bactericidal material 
could be recovered in two different forms, (Preparation A) a water- 
soluble form obtained by extraction with neutral buffer (5), and 
(Preparation B) an alcohol-soluble, water-insoluble product (6) 
later designated tyrothricin, by extraction with alcohol or acetone 
without neutralization. Tyrothricin (Preparation B) is the 
source from which the two crystalline substances were obtained. 
The water-soluble material (Preparation A) is protein in nature 
and on treatment with acid alcohol or acetone yields an inactive 
precipitate and an active soluble fraction apparently identical 
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with tyrothricin. Since tyrothricin cannot again be brought into 
solution in aqueous buffer, it is believed to be a product of some 
form of alteration or degradation of the soluble protein material. 
Chemical studies show that gramicidin and tyrocidine are poly- 
peptides resistant to common proteolytic enzymes (1, 7). When 
the water-soluble fraction is treated with proteolytic enzymes, 
water-insoluble matter with the full antibacterial activity of the 
original solution is precipitated as the enzymatic action proceeds. 
The above considerations suggest that gramicidin and tyrocidine 
exist in the culture autolysate preformed and combined in some 
unknown fashion in a protein or proteins, the bactericidal activity 
of which is due in part at least to these component polypeptides. 

All processes for the fractionation of tyrothricin described in 
the literature depend upon the fact that the salt, tyrocidine hydro- 
chloride, is considerably less soluble than the neutral gramicidin 
in mixtures containing ether. The original method of fractiona- 
tion (1) called for the precipitation of alcohol solutions by ether, 
followed by a step in which acetone-ether mixtures were employed. 
In a later simplification of the first procedure (2) the acetone and 
ether alone were used. These separations indicated a content of 
approximately 10 to 20 per cent gramicidin and 40 to 60 per cent 
tyrocidine hydrochloride in tyrothricin. Other substances are 
probably present but the biological and chemical properties of 
tyrothricin which have been observed are not different from those 
to be expected from a mixture of the two crystalline substances. 

Because of the difficulty and expense of obtaining the maximal 
yield of crystalline gramicidin and tyrocidine, the cruder tyro- 
thricin has often been used in studies of the antibacterial effect of 
the material in vivo. For such purposes the product may be ex- 
tracted with ether once or twice to remove fats and waxes and 
may require reprecipitation from alcohol solution with saline. 
When the mechanism of the biological effects is under study, it is 
essential to work with the crystallized substances, since the two 
components so far isolated differ markedly in most of their 
properties. 

Some of the biological properties of gramicidin and tyrocidine 
have been reported (1-6, 8-10). A brief summary of the principal 
ones should probably be given here. Both substances are 
markedly bactericidal for Gram-positive microorganisms; grami- 
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cidin is effective in amounts as low as 1 y per billion organisms, and 
tyrocidine in quantities of 25 to 50 times this amount. The latter 
substance, in the absence of inhibitors like peptone media, is also 
effective against Gram-negative bacteria; furthermore, its killing 
effect is accompanied by bacteriolysis whenever the organisms 
being tested possess an active autolytic system. Both substances 
affect metabolic processes of bacteria, tyrocidine blocking all of 
the oxidative systems studied, gramicidin on the other hand ap- 
pearing to affect only certain individual reactions. Both com- 
pounds can exert a protective antibacterial action in mice infected 
intraperitoneally with susceptible microorganisms, but gramicidin 
protects the animals at a level (around 1 y for 10‘ fatal infective 
units of pneumococcus Type I) one-fiftieth as high as that required 
for tyrocidine. Both substances are hemolytic—the hemolysis 
by gramicidin, however, though caused by much smaller amounts, 
is slow and is entirely prevented by the presence of low concentra- 
tions of glucose or mannitol. Both compounds are highly toxic 
to animals when injected into the blood stream; they appear, how- 
ever, to exhibit little toxicity when applied locally, as, e.g., by 
the subcutaneous, intramuscular, or intrapleural route. The 
substances are both rich in nitrogen and give color reactions for 
amino acids. Chemical data will be presented in an accompanying 
communication. 


EXPERIMENTAL 


Preparation of Tyrothricin—Tyrothricin is the name recently 
given to the alcohol-soluble fraction of the acid precipitate from a 
culture medium. The earlier method of preparation (6) is followed 
with some modifications (3). Extraction with ether once or 
twice removes fatty acids and waxy impurities; extraction with 
dioxane has not generally been used. A crystalline, optically 
inactive fatty acid, tentatively identified as stearic acid by solu- 
bility and analysis, makes up a large portion of the ether extract. 

So prepared, the material contains about 12 to 13 per cent of 
nitrogen. It gives positive biuret, xanthoproteic, Millon, and 
Hopkins-Cole reactions and a negative Sakaguchi reaction. That 
these tests were all reported as negative when the material was 
originally described (6) is undoubtedly due to the insolubility of 
tyrothricin in the presence of electrolytes. Unless dissolved first 
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in alcohol or acetic acid, the material reacts with the test reagents 
only with the greatest difficulty. 

Preparation of Gramicidin—Tyrothricin is extracted repeatedly 
with a mixture of equal volumes of acetone and ether by mechani- 
cal shaking in a vessel containing glass beads. Two or three ex- 
tractions with 10 to 20 parts by weight of the solvent will remove 
most of the gramicidin. Evaporation of the extracts gives a 
brownish gummy residue which is taken up in about 5 times its 
weight of warm acetone. A better guide to the appropriate 
amount of solvent is the viscosity of the solution, which should be 
brought to the point where the mixture is no longer syrupy but 
flows freely. In such a solution crystallization is spontaneous 
and complete within a few hours. Recrystallization from the 
minimum amount of boiling acetone (or dioxane) two or three 
times, with removal of insoluble matter and washing of the crystals 
with cold acetone and with ether, gives an essentially pure product. 
Crystalline gramicidin is far less soluble in acetone than the 
amorphous gummy residue from which it is obtained. The typical 
crystals are tiny platelets with pointed ends, the outline being like 
that of a biconvex lens. When slowly deposited the platelets 
develop rectangular ends. 

Purified by repeated recrystallization until its properties are 
constant, gramicidin is a colorless substance. The melting point 
is quite sharp at 230-231° (capillary tube in a copper block, cor- 
rected), or 228-230° (hot stage, uncorrected). The optical rota- 
tion in alcohol solution is low. 

lalb = +5° (c = 0.4% in 95% alcohol) 
la] = +2.5° (c = 1.5% in absolute alcohol) 


Gramicidin is soluble in the lower alcohols, acetic acid, and 
pyridine; moderately soluble in dry acetone and dioxane; and al- 
most insoluble in water, ether, hydrocarbons, and chlorinated hy- 
drocarbons. When a solution of 20 to 50 mg. per cc. in alcohol is 
diluted to 1 mg. per cc. with distilled water or glucose solutions, 
an opalescent solution is formed but there should be no flocculation. 
On dilution with electrolyte solutions there is immediate 
flocculation. 

Elementary analysis reveals carbon, hydrogen, and nitrogen 
but no sulfur, halogen, or phosphorus. The composition is (aver- 
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age values) C 62.7, H 7.59, N (Kjeldahl) 14.8.!_ The lower nitrogen 
value reported before was obtained by micro-Dumas combustion. 
It has become increasingly evident that Dumas combustions with 
gramicidin were unreliable under the conditions employed. With 
thoroughly dried identical samples, the nitrogen values fluctuated 
in all from 13.3 to 14.7 per cent, usually coming near the middle of 
the range. Carbon and hydrogen analyses on the same prepara- 
tions were entirely satisfactory. Consistent nitrogen determina- 
tions have been accomplished by means of a micro-Kjeldahl method 
in which pretreatment with hydriodic acid is employed (11). This 
procedure, followed by a 2 hour digestion with selenium-copper 
catalyst, was chosen, since ordinary Kjeldahl analyses revealed 
only 88 to 95 per cent of the total nitrogen of pure tryptophane. 
With the modified method 99 to 100 per cent is recovered, and 
gramicidin, which is rich in tryptophane, gives consistently the 
value presented above. 

It will be noted that the nitrogen content of gramicidin has 
been brought into agreement with that of Hoogerheide’s Fractx n 
II (4). The only other obstacle to the complete identification of 
Hoogerheide’s substance with gramicidin was an earlier statement 
that the crude material did not give protein color reactions. This 
statement has been corrected above. All other details of physical 
and chemical properties and crystal form are in complete agree- 
ment. Therefore, it appears certain that Hoogerheide, by a 
purification process which is a rearrangement of the same steps 
we have descriLed, has prepared gramicidin itself rather than a 
new substance with similar activity. 

Fig. 1 shows an ultraviolet absorption curve of gramicidin, ob- 
tained through the kindness of Dr. G. I. Lavin. The curve was 
prepared from data determined with a Spekker spectrophotometer 
and a small Hilger quartz spectrograph. Gramicidin was photo- 
graphed in alcohol solution. A very similar curve was obtained 
by Hoogerheide with his Fraction II (4). The curve in Fig. 1 
is presented here because it shows greater detail in the region 
around 2750 A. The absorption curve of tyrocidine hydrochloride 
is of the same general type. 

! The authors wish to thank Mr. A. Elek for carrying out the carbon and 


hydrogen analyses, as well as numerous Dumas determinations in attempts 
to find appropriate conditions for combustion. 
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The maximum content of gramicidin in tyrothricin is probably 
around 20 per cent and only about one-half to two-thirds this 
amount can conveniently be obtained in crystalline form. In 
working up accumulated residues, frequent use has been made of 
precipitation from alcohol solutions by 10 to 15 volumes of ether. 
Gramicidin remains largely in the solution and is recovered after 
evaporation. 


\ \ 
/ 
VV 
~ 
\ 
ux 
Fig. 1. Absorption curve of gramicidin. d = optical density = logae 


rithm of incident over transmitted light intensity. Gramicidin solution, 
0.11 mg. per ec. in alcohol; cell length, 1 em. 


Preparation of Tyrocidine Hydrochloride—The portion of tyro- 
thricin (around 85 per cent) which remains insoluble when grami- 
cidin is extracted in acetone-ether is dissolved in about 4 times its 
weight of boiling absolute alcohol. The solution is cooled and 
there is added alcoholic hydrogen chloride equivalent to 0.1 mole 
per liter. Microscopic clusters of needles are deposited which 
are separated and recrystallized from absolute methanol. The 
solubility is decreased by addition of alcoholic hydrogen chloride; 
to cut down any possible alcoholysis, the acid is added after the 
solution has cooled. Tyrocidine hydrochloride crystallizes from 
methanol as fine colorless needles or rods (truncated at an angle 
of approximately 52° + 5°, showing parallel extinction) melting 
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unsharply and with decomposition at about 240° (corrected; capil- 
lary in a copper block). The optical rotation is high. 


la]> = —101° (ec = 1% in 95% alcohol) 


After about three recrystallizations the analysis is constant and 
gives C 59.6, H 6.66, N (Kjeldahl) 14.31, C1 2.7. Material with a 
lower carbon content is removed during purification. The nitro- 
gen analysis given represents an improvement over the low and 
variable results of the Dumas combustion (see above). Tyro- 
cidine hydrochloride is identical with the substance first called 
graminic acid, although the description of properties in the pre- 
liminary announcement had to be revised when larger quantities 
of material became available for study. Gramidinic acid on the 
other hand was never completely characterized, and is now known 
to have been essentially a crystalline mixture of tyrocidine and 
its hydrochloride. 

Tyrocidine hydrochloride is moderately soluble in methyl and 
ethyl alcohols, acetic acid, and pyridine (the solubility being in- 
creased by a small percentage of water), sparingly soluble in 
water, acetone, and dioxane, and insoluble in ether and hydro- 
carbon solvents. An alcohol solution can be diluted to give a 
clear aqueous solution containing 5 to 10 mg. per cc. but electro- 
lytes immediately precipitate the material. A solution in distilled 
water containing 1 mg. per cc. or even less has an obviously low 
surface tension and behaves like a soap or detergent solution. 
Like some of the cationic detergents (12), it precipitates a number 
of soluble proteins. Gramicidin solutions or suspensions do not 
precipitate proteins. 


SUMMARY 
From peptone cultures of Bacillus brevis there have been isolated 
two crystalline compounds, designated gramicidin and tyrocidine 
hydrochloride, which are antagonistic toward a variety of micro- 
organisms. The preparation and characterization of these sub- 
stances are described. 
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Amino acids having a dextro configuration have been found in 
natural material from two sources.! Jacobs and Craig obtained 
d-proline from ergotinine (4) and later other ergot alkaloids, and 
[vAnovics and Bruckner found d(—)-glutamic acid as the principal 
constituent of the P-antigen of Bacillus anthracis and other micro- 
organisms of the related Bacillus mesentericus-subtilis group (5). 
Inasmuch as gramicidin and tyrocidine were obtained from a 
related aerobic spore-forming organism, Bacillus brevis (6-8), it 
was thought to be of interest to investigate the configuration of the 
amino acids present in these two polypeptides. 

The enzymatic method (9) which was used made it possible to 
discover the presence of d-amino acids at a time when the quantities 
of pure material available were too small to permit the isolation 
and polarimetric identification of individual amino acids. This 
method depends upon the measurement of oxygen uptake and 
ammonia production when the specific d-amino acid oxidase of 
Krebs (10) acts upon a hydrolysate. Mention was made earlier 
of the finding of d-amino acids in gramicidin and tyrocidine (6); 


* Aided by grants from the National Advisory Cancer Council and the 
Ella Sachs Plotz Foundation. 

1 Kégl and Erxleben (1) have described the preparation from tumor 
proteins of amino acids which, judged on a basis of optical rotation, had 
small proportions of the d forms present. Later investigations by a number 
of workers have shown that the findings were probably explained by race- 
mization and fractionation during isolation of the amino acids rather than 
by the occurrence of the d forms in the original material (see e.g. Dunn (2) 
and Schoenheimer and Ratner (3)). 
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the data are presented here, and an accompanying communication 
reports the actual isolation of d-leucine from gramicidin (8). 

The possibility existed that the observed oxidation might have 
been brought about by some enzyme, other than d-amino acid 
oxidase, also present in the more or less crude enzyme preparation 
employed. However, there are a number of indications that this 
cannot be the case. Another communication shows that about 92 
per cent of the total nitrogen of hydrolysates of both gramicidin 
and tyrocidine is present in typical a-amino acids and ammonia 
(8). Since the ammonia production by the oxidase was practically 
equivalent to the oxygen uptake, and corresponded to a consider- 
able proportion of the total nitrogen, it was necessary to conclude 
that it was actually the result of the oxidation of d-amino acids. 
This conclusion has been made still more convincing through the 
removal, according to the procedure of Negelein and Brémel (11) 
of the major part of the flavin-adenine prosthetic group from the 
enzyme protein. When the pure flavin-adenine dinucleotide of 
Warburg and Christian (12) was added back to the protein com- 
ponent, there was a 3-fold increase in the rate of oxidation of 
gramicidin hydrolysate. This finding is additional proof that the 
oxidizing enzyme actually was d-amino acid oxidase. 


EXPERIMENTAL 


Preparation of Hydrolysates—Gramicidin and tyrocidine hydro- 
chloride were hydrolyzed in hydrochloric acid containing acetic 
acid. A carbon dioxide atmosphere was provided during the 
hydrolysis and until the strong acid had been removed by evapora- 
tion. These conditions were such that only a negligible amount 
of tryptophane was destroyed or racemized (cf. Experiment 4 
in Table I). Further details concerning the hydrolysates will 
be found in another place (8). 

Enzyme Preparation—A detailed description of the enzymatic 
method will be given in a separate publication by one of us (L.). 
In most of the experiments described here a dry preparation was 
used, obtained by acetone precipitation of an extract of acetone- 
dried lamb kidney. Of this dry powder a 10 per cent solution 
was prepared in 0.2 m pyrophosphate of pH 8.3 (12), containing 
one-fourth its volume of gum ghatti solution (2 gm. of gum ghatti 
extracted with 100 cc. of hot water). With d-alanine, 0.25 cc. of 
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the concentrated enzyme solution absorbed 40 to 70 ¢.mm. of 
O, in 10 minutes. 

Oxidase Experiments—Ordinary respiration vessels of 8 cc. total 
volume were used, with 0.5 to 1.0 ec. of hydrolysate (neutralized 
to phenolphthalein) in the main compartment. 0.25 ec. of enzyme 
solution was placed in the side arm. A small crystal of thymol 
was added to each vessel to prevent bacterial growth. The ex- 


TABLE [ 

Oxidation of Gramicidin Hydrolysates by d-Amino Acid Oxidase 
d-Amino N found 

Time | 7 ~ 








ee | Hydrolysate — | of | From | Ni. Remarks 
No. | ce | NHz-N| xida- | From | NH per” 
uptake | toont bps | 
| |NH2-N | 
mg. | Ars. mg. mg. | | 
1 | HA2 0.978) 17 | 0.52/0.43| 44 | 
| 0.52 | 0.42 | 43 | Enzyme | 
2 | HA4. Hydrolysis) 0.85 | 23 | 0.35 | 0.30) 35 
| 80% complete | | 10.36/0.29| 3] “ I 
2a | «  « 10.85} 4 | 0.32 | | | Reconstituted 
| | enzyme 
2b | HA4. Trypto- | 0.626) 4 | 0.32 | on 
| phane-free | 
| fraction | | | | 
2e | HA4. Trypto- [0.419 4/0 | no oo. 
| phane fraction | | 
3 | HAS | 0.480) 19 | 0.32 | 0.22) 46 | Enzyme III 
3a | “ Trypto- 0.309 19 |0.27/0.21; 68 | “ ITI 
| phane-free 
| fraction 
4 | “Hydrolyzed” | 0.20! 23 | 0 a II 


tryptophane | 
periments were carried out at 37° with air as the gas phase and with 
sodium hydroxide in the center cup. After equilibration the 
enzyme was added from the side arm and shaking was continued 
for 17 to 20 hours to obtain as complete a reaction as possible. 
The largest part of the oxygen uptake, however, occurred in the 
first 3 hours (cf. Experiments 2 and 2a in Table I) indicating the 
presence of fairly rapidly reacting d-amino acids. 
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At the end of the experiment the sodium hydroxide was removed 
and 2.5 or 3.0 cc. of 5 per cent trichloroacetic acid were added to 
the main compartment of the vessel. The contents were then 
transferred to a small centrifuge tube. After centrifugation, 
ammonia was determined in an aliquot sample. The ammonia 
was driven over either in vacuo after the addition of borate (Parnas 
(13)) or by steam distillation from calcium hydroxide, and finally 
determined by titration. Each experiment was accompanied by 
a blank determination of the oxygen and ammonia for the enzyme 
alone. These are deducted in the figures given in Table 1. The 
oxygen taken up by the enzyme blank was not greater than 10 
to 20 ¢.mm. 

For the calculation of the percentage of d-amino acid, given in 
next to the last column of Table I, the more reliable figures from 
the ammonia production were used. Compared with the ammonia 
values, the oxygen consumption was usually from 15 to 30 per cent 
above the values to be expected from the equation, 


R—CHNH.—COOH + 40, = R—CO--COOH + NH; 


In a recent paper on d-amino acid oxidase, Klein and Handler (14) 
reported similar discrepancies with a number of amino acids. 

Similar experiments were performed with the reconstituted 
enzyme. The removal of the prosthetic group was carried out by 
the procedure described by Negelein and Brémel (11). Without 
the use of a cooled centrifuge it was not feasible to remove com- 
pletely the flavin-adenine. On addition of a pure preparation 
of flavin-adenine dinucleotide? the rate of oxidation of d-alanine 
by the protein component rose 3-fold. Experiments with grami- 
cidin hydrolysate and the tryptophane-free fraction of it, in which 
the protein was employed with and without the added flavin 
component, gave a similar result. Fig. 1 shows the initial rates 
of oxidation in one of the experiments. 

The initial rates found with both crude and purified enzyme 
preparations are always higher than would be expected if d-leucine 
alone were present. There is thus an indication of the presence 
of another and faster reacting d-amino acid. The tryptophane 
fraction contained no detectable d-amino acid (Table I) and, in 


? A sample of pure barium flavin-adenine dinucleotidate has been kindly 
supplied to the senior author by Professor Otto Warburg. 
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confirmation of this finding, crystalline Jl-tryptophane was 
isolated (8). : 

Experiments with Tyrocidine—Oxidase experiments showed ap- 
preciable quantities of d-amino acids in tyrocidine hydrolysates. 
Ammonia production indicated that somewhat more than 20 per 
cent of the a-amino acids were of the d configuration. This might 
be considered as a minimum value, since with tyrocidine the am- 
monia determinations indicated only about 50 per cent of what 
would have corresponded to the oxygen consumed. In addition, 
the analysis of ammonia produced required the correction for a 
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tide; O with added flavin-adenine dinucleotide. 


rather large amount of preformed ammonia in the tyrocidine 
hydrolysate. A dicarboxylicamino acid fraction prepared from 
tyrocidine showed very little, if any, d-amino acid. 


DISCUSSION 


The d-leucine and l-tryptophane recovered from gramicidin and 
the 68 per cent of d-amino acids found in the tryptophane-free 
fraction are sufficient evidence that the amino acids of gramicidin 
are not present as racemates. The d-leucine 8-naphthalenesul- 
fonate isolated corresponds to about one-half the total of 45 per 
cent determined as d-amino acids by the oxidase method. Since 
a large part of the remaining amino acid is alanine (8), there is a 








168 d-Amino Acids in Gramicidin 


considerable possibility that all or part of it could be present as 
d-alanine. The rather high rate of oxidation points in this 
direction. 

Gramicidin, then, presents a picture of a polypeptide composed 
of amino acids, some of which occur in the d form and others of 
which occur in the / form. This interesting type of structure, 
which was also indicated in the polypeptide component of 
ergotinine (4), may well be responsible for the resistance of grami- 
cidin (and tyrocidine) to ordinary proteolytic enzymes. Posses- 
sion of a structure of this sort may conceivably be important 
in connection with the known antibacterial and toxic properties 
of these polypeptides, either by contributing a toxicity in itself, 
or by making difficult the destruction and removal of a molecule 
toxic for other reasons. 

The findings of IvAnovics and Bruckner (5) and the above results 
furnish two cases of the occurrence of d-amino acids in the aerobic 
sporulating bacteria. Berger, Johnson, and Baumann have 
described d-peptidase activity in a number of microorganisms (15), 
one of which, Bacillus megatherium, belongs to the same general 
group. Inasmuch as the organisms of this group are wide-spread 
in nature, and are found for example in certain cheeses, it seems 
possible that the animal organism is, on occasion, confronted with 
the task of disposing of d-amino acids liberated in the intestinal 
tract. If this should be the case, it would provide one use for the 
oxidase, occurring in animal tissues, specifically capable of breaking 
down d-amino acids. 


SUMMARY 


Enzymatic assay with d-amino acid oxidase indicates that 45 
per cent of the a-amino acids of gramicidin hydrolysates have the 
d configuration. Tyrocidine appears to contain d-amino acids 
amounting to 20 per cent of its a-amino acids. 
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The work reported here is a continuation of earlier investiga- 
tions on the chemical nature of two bactericidal substances, 
gramicidin and tyrocidine, isolated from cultures of Bacillus brevis 
(1-3). Christensen, Edwards, and Piersma are at the same time 
submitting a report of work which has been carried on independ- 
ently in their laboratory (4). 

Tyrocidine hydrochloride and gramicidin are both colorless 
crystalline substances, soluble in organic solvents and optically 
active. Their biological properties offer certain interesting con- 
trasts (1, 5). Gramicidin appears to be more specific in its anti- 
bacterial action and to retain this property to a greater extent in 
the presence of animal tissue. Accordingly, the study of its 
chemical nature has been pursued more actively than that of 
tyrocidine. 

Gramicidin 

Gramicidin is found to be a polypeptide containing 14.8 per 
cent of nitrogen, and no free amino or carboxy] groups. It appears 
to be completely resistant to trypsin, pepsin, and papain, but is 
hydrolyzed by acids. Of the total nitrogen of the acid hydrolysate, 
37.3 per cent is found in tryptophane, 53.9 per cent in other a- 
amino acids, 7.8 per cent as an additional primary amino com- 
pound, and 1.4 per cent as ammonia. The total nitrogen (100.4 
per cent) can therefore be accounted for. 

Of the tryptophane, 40 per cent was isolated as crystalline 
l-tryptophane. Earlier experiments with Dubos and’ Lipmann 
(1, 6) had shown by the use of Krebs’ d-amino acid oxidase that 
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about 45 per cent of the a-amino acids were of the “unnatural” 
d configuration. This finding has been qualitatively confirmed 
by the actual isolation of optically and analytically pure d-leucine, 
through the §-naphthalenesulfonate (7). The amount of the 
derivative isolated accounted for 16.1 per cent of the total nitro- 
gen of gramicidin, and one-half of this was recovered as the free 
amino acid. Correction for solubility or a quantitative deter- 
mination has not yet been attempted. Alanine was detected in 
an amount equivalent to 25 to 35 per cent of the total nitrogen 
but the method of Kendall and Friedemann (8) which was used is 
not sufficiently specific to enable the alanine content to be ascer- 
tained on this basis alone. 

The other amino component, referred to above, which comprises 
7.8 per cent of the total nitrogen, reacts with nitrous acid and is 
titrated as a base in acetone solution, but does not react as an 
a-amino acid in the Van Slyke-Dillon procedure (9). Sodium 
periodate, under the conditions employed for amino acids by 
Van Slyke et al. (10), decreases the amino nitrogen content of 
gramicidin hydrolysate without affecting the a-amino acid con- 
tent. Therefore, the substance destroyed by periodate is this 
same non-a-amino component. The products of periodate action 
are formaldehyde, ammonia, and a substance which appears to be 
an aldehydo or keto acid. We know from the work of Nicolet 
and Shinn (11) that periodate attacks 1,2-aminohydroxy com- 
pounds in much the same way as it does 1 ,2-glycols (12), producing 
two carbonyl compounds and a mole of ammonia. The observa- 
tions therefore indicate that gramicidin hydrolysates contain an 
aminohydroxy compound (or compounds) having adjacent amino 
and hydroxy groups, one of which is on the end of a carbon chain. 
The substance cannot be serine, threonine, or hydroxyglutamic 
acid since it is not a 6-hydroxy-a-amino acid, and not hydroxy- 
lysine since basic amino acids are absent. It does not seem to be 
isoserine, but may be a higher aliphatic aminohydroxy acid. In 
any case it must be the principal unique component of gramicidin 
aside from the d-amino acids. 

The data so far given are independent of considerations of 
molecular weight. Beforechemical data can be used in the assign- 
ment of a precise empirical formula, it is first necessary to ascertain 
the order of magnitude of the molecular weight by physical meth- 
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ods. With the rather complex gramicidin the difficulty of ob- 
taining precise physical or chemical data is sufficiently great so that 
as yet it is possible only to limit the choice to a few alternative 
formulas. 

The lowering of the freezing point of camphor by gramicidin 
indicates molecular weights in the range of 1250 to 1550, but the 
variability of the small depressions observed makes it difficult to 
fix this quantity more accurately. The possibility exists that 
the cryoscopic camphor method may be inapplicable to gramicidin 
but there is no evidence that this is the case. Precautions were 
taken to avoid decomposition by heating. A preliminary attempt 
was made to arrive at the molecular weight by isothermal distilla- 
tion of alcohol solutions, but equilibration of the vapor pressures 
was very slow and critically subject to local variations in tem- 
perature. 

Another approach to the molecular weight depends upon the 
fact that all chemical constituents must be present in integral 
molecular quantities. Two components, tryptophane residues 
and hydroxy! groups, are present in amounts suitable for the esti- 
mation of minimum molecular weights. Tryptophane analyses 
of hydrolysates indicate a molecular weight in the series 510, 1020, 
1530, etc. Estimations of the hydroxyl group of unhydrolyzed 
gramicidin by quantitative acetylation indicate one hydroxyl 
group per 1220 + 80 of molecular weight. 

if considerable margin is allowed for error, the results given 
above leave in the main three possibilities for the molecular weight: 
(a) one in the range of 1000 to 1150, (b) one of 1400 to 1600, or 
(c), if the cryoscopic determination is rejected, a higher multiple 
of 510 such as 2 X (a), (a) + (0), ete. 

Accordingly, in Table I the analytical data are recorded in 
terms of two units, of 11 and 15 nitrogen atoms. Empirical for- 
mulas which correspond to these units are CssH7gNiuOyo (mol. wt. 
1054) and CyHyosNyOi3 (mol. wt. 1413). These are offered as 
satisfactorily expressing the analytical data which have been 
obtained so far. It is obvious that a change of 1 carbon atom or 
2 atoms of hydrogen in such large molecules would barely be de- 
tectable in the elementary analyses, and either of the formulas 
could be in error by such an amount or by the difference C;H;NO. 

From the data in Table I it is apparent that the neutral 
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gramicidin liberates on hydrolysis roughly equal amounts of basic 
(amino) and acidic groups. It will be seen that the aminohydroxy 
nitrogen is appreciably less than the non-a-amino nitrogen but 
these quantities are both differences of larger quantities and 
they have not yet been determined with sufficient accuracy to 
allow use of them in judging the molecular weight. It is felt that 
the primary amino determinations are likely to be too high and 
the aminohydroxy determinations may be too low. In particular, 
it is noted that further manipulation of the hydrolysate (in the 
isolation of tryptophane, butyl alcohol extraction, etc.) has caused 
the loss of some non-a-amino compound and the liberation of an 


TABLE | 
Constituents of Gramicidin Hydrolysate 





Per cent N, Equivalents Equivalents 
Constituent of per cent of yer 11 per 15 
gramicidin total N atoms N atoms 
a-Amino N. 10.7 72.6 | 7.99 10.9 
Amino N 11.9 80.4 8.84 12.1 
Basic groups (titration) 80.5 8.85 12.1 
Acidic “ = 9.3 12.7 
Ammonia 1.4 0.16 0.22 
Aminohydroxy N 1.6 0.5) 0.69 
l-Tryptophane 10.2 37.3 2.05 moles | 2.80 moles 
d-Leucine (by isolation)... 22.2 16.1 1.8 2.4 
Alanine 23 -33) 25 -35) 2.7 -3.9 3.7 -5.3 
Hydroxy! group (before hy- 
drolysis) : 0.85 Ra 


equivalent amount of ammonia. It appears that the interesting 
amino component may be a moderately unstable substance. 
The composition of gramicidin can be accounted for to a con- 
siderable extent. The nitrogen and oxygen content of the formula 
CruHyosNyOi3, for example, is attributable to a polypeptide con- 
sisting of three l-tryptophane and nine other amino acid groups, 
of which some are represented by alanine and d-leucine and one 
by an aminohydroxy acid that is not an a-amino acid. The ratio 
of the carbon and hydrogen atoms indicates that the constituents 
of gramicidin, other than tryptophane, are essentially aliphatic 


in nature. 
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Tyrocidine 

Tyrocidine separates from methanol solution as a well defined 
crystalline hydrochloride. It reacts slowly with nitrous acid, up 
to 10 per cent of the nitrogen being liberated in 1 to 2 hours. On 
electrometric titration the major dissociation, equivalent in amount 
to the chloride content, is found at around pH 8.6. A secondary 
dissociation begins to appear above pH 10. These results suggest 
the presence of basic amino groups in tyrocidine. Titration in 
formaldehyde reveals an acidity equivalent to the chloride content. 
In alcohol solution an additional weak acidity is titrated which 
may be due to very weak carboxyl groups, or more probably to 
phenolic groups, since the acetyl derivative is neutral. 

In one tyrocidine hydrolysate about 73.4 per cent of the nitrogen 
was present as a-amino acid nitrogen, 13.3 per cent as ammonia, 
and 5.9 per cent as tryptophane indole nitrogen. Tyrosine and 
dibasic amino acid (in part aspartic acid) are present as well as 
tryptophane. Little is known as yet about the other a-amino 
acids or the constituents accounting for the remainder of the 
nitrogen (about 7.4 per cent). In a study with Lipmann and 
Dubos (6) it has been shown that about 20 per cent of the a-amino 
acids is d-amino acid. ‘Tyrocidine is not hydrolyzed by trypsin, 
pepsin, or papain. 

The chloride content has been determined carefully with a 
view to using it in the estimation of a minimum molecular weight. 
The best analyses (average 2.76 per cent) indicate an equiva- 
lent weight of 1285 + 50. The empirical formula which 
is most satisfactory from the standpoint of the present data is 
CesHg3Nyg013- HCl (mol. wt. 1267). There are some indications 
that the molecule is made up of at least two of these units. As is 
seen from Table II, the molecular quantities of weak acid and 
ammonia, both determinable with considerable accuracy, would 
be integral if the molecular unit had 26 (or a multiple of 26) nitro- 
gen atoms. The principal other possibility is that tyrocidine 
could be erystallizing with an average of one-fourth its amide con- 
tent (two —CO—NH, groups per molecule of 13 nitrogen atoms) 
hydrolyzed to carboxyl groups. This appears highly improbable 
in view of the regularity with which the same titration value is 
obtained with all samples of tyrocidine, from the first recrystalliza- 
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tion to the fifth or sixth. If crystallization has the same implica- 
tions with molecules of this size that it has with smaller ones, then 
the excellent crystallizability of the hydrochloride also indicates 
that it is a chemical individual. 

When determined directly on a sample of the polypeptide, 
tryptophane values are higher and ammonia values lower than 
those found for a 24 hour acid hydrolysate. The former values 
appear preferable. The other data show that for 26 nitrogen 


TABLE II 


Constituents of Tyrocidine Hydrochloride 


Per cent 
of N, Equivalents 
Constituent | tyrocidine | per cent of | ver 13 
hydro- | total N atoms 


chloride 


2.76 1.03 


Intact tyrocidine! Chloride 
hydrochloride Weak acidic group | 0.49 
Amino N, 3 min. 0.25 1.7 0.2 
| « « gw « 0.95 68 | 0.9 
ee ea |} 1.5 10.3 | 1.3 
Tryptophane 16.6 15.9 1.03 moles 
Ammonia, brief hy- 12.0 1.56 
drolysis 
Acid hydrolysate | a-Amino acid (cor- 73.4 9.5 
of tyrocidine rected) 
Ammonia 13.3 | 1.73 
Basic groups (titra- | 88.6 | 11.5 
tion) 
| Acidic groups (titra- | 12.3 
tion) | 
| Dicarboxylic acid 16.5 | 2.1 
Tryptophane 2.2 | W.7 0.76 mole 


atoms in the hydrolysate there are twenty-three to twenty-four 
basic groups (3 ammonia, 19 a-amino nitrogen atoms, 1 to 2 
others). 2 indole nitrogen atoms are present as tryptophane. 
Of the dibasic acid fraction approximately one-fourth of the 
nitrogen reacts as aspartic acid nitrogen, giving 2 moles of carbon 
dioxide with ninhydrin. The a-amino nitrogen value presented 
in Table II for the whole hydrolysate has been corrected for this 
effect. The quantity of acidic groups recovered appears to be in 
excess of that to be expected if the hydrolysis were of —CO—NH— 
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linkages alone; however, more determinations must be performed 
on tyrocidine hydrolysates before the facts will be clear. 

According to the evidence given above, tyrocidine appears to 
be a polypeptide of about twenty amino acid residues (including 
tryptophane, tyrosine, and aspartic acid), combined in such a 
way that two basic amino groups, three amide groups, and one 
carboxy! or acidic phenolic group are free. 


EXPERIMENTAL 


Materials and Methods—The gramicidin and tyrocidine hydro- 
chloride samples which were used had been recrystallized four or 
more times. 

Where in this paper quantitative results are expressed with 
limits of variation, the + increment indicates the maximum ex- 
perimental variation, and not the probable error. 

Nitrogen was determined by a micro-Kjeldahl method under 
conditions which allowed quantitative recovery of tryptophane 
nitrogen (see (2)). Ammonia was determined by titration after 
steam distillation in the presence of calcium hydroxide. In some 
cases vacuum distillation at a lower temperature was used. Amino 
nitrogen was determined by the nitrous acid method of Van Slyke 
(13). a@-Amino nitrogen of amino acids (“a-amino” or “carboxyl 
nitrogen’) was calculated from the carbon dioxide produced in 
the quantitative ninhydrin reaction, carried out at pH 4.7, accord- 
ing to the procedure of Van Slyke and Dillon (9). Titrations of 
basic groups in 90 per cent acetone (14) and of acidic groups in 90 
per cent alcohol (15) were conducted in duplicate, each in compari- 
son with color standards at two intensities of color. In the case 
of the alcohol titrations, since electrolytes affect the thymol- 
phthalein color, sodium chloride was added to provide an excess 
of neutral electrolyte in all samples. Chloride was determined 
by the Volhard titration. Tryptophane was determined by a 
colorimetric method with p-dimethylaminobenzaldehyde (16); 
visual comparison was made at a series of concentrations in a range 
in which standard tryptophane solutions gave color densities pro- 
portional to concentration. 

Chemical Properties of Gramicidin—Gramicidin shows no amino 
groups reactive with nitrous acid or ninhydrin, and no basic or 
acidic groups titratable in acetone or alcohol solution. Micro- 
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analysis reveals no sulfur, halogen, methoxyl, O- and N- 
acetyl, or ash. 

On quantitative acetylation with acetic anhydride and pyridine 
by the method of Stodola (17), the relative weights of gramicidin 
required to accept 1 equivalent of acetyl were 1200, 1300, 1140, 
1240. The average (1220) should possibly be corrected to 1150, 
inasmuch as the usual acetylation is not quite complete (glucose 
98, resorcinol 94 per cent of theoretical). The gramicidin was 
entirely dissolved and there was no apparent decomposition. It 
should be pointed out that the result would not be affected by 
small amounts of moisture, also that even had there been acetolysis 
of peptide bonds, there might be no effect on the result, since 1 
equivalent of acid should be liberated for every acetyl residue 
bound. 

Gramicidin, dissolved in camphor, brought about a lowering of 
the freezing point, indicating molecular weights of 1540, 1390, 
and 1385. Molecular weights of known substances obtained 
similarly were p-bromoacetanilide (mol. wt. 214) 212, benzoic acid 
(mol. wt. 122) 127, 8-pentaacetylglucose (mol. wt. 390) 379. 
Several readings of the freezing point were made with each cam- 
phor solution, the mixture being removed from the bath whenever 
the temperature or rate of heating was being readjusted. One 
mixture was overheated somewhat and became gradually brownish 

-the depression of the freezing point in this solution gradually 
became greater, eventually corresponding to a molecular weight 
of 1260, a figure not considered significant. 

The elementary analysis of gramicidin (2) allows calculation of 
a number of approximate empirical formulas in the range of 
molecular weight suggested above; for example, 


Found C 62.7, H 7.59, N 14.8 
Calculated. Cso0H r2N 1005 (957). - 62.75, = 7.58, ** 14.64 
- CssHrpNuiOro (1054). ** 62.65, “‘ 7.55, “* 14.62 
™ CooHseNwOn (1151) ** 62.6, “ 7.53, “* 14.60 
2 CrgHiosN1sQi3 (1413). “* 62.9, ‘* 7.49, ** 14.87 
= CrsHii2N 16014 (1510). ** 62.85, “‘ 7.48, ‘* 14.84 
- CrsHir2N 1601, (1498). “* 62.55, *‘ 7.54, “* 14.96 


Hydrolysate of Gramicidin. Quantitative Study—aAll the data 
reported here were obtained from hydrochloric acid hydrolysates. 
Loss of trvptophane on acid hydrolysis of proteins is probably 
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due largely to condensation with aldehydic substances and is 
accompanied by formation of deeply colored products. Strongly 
acid hydrolysates become considerably darker in color when 
exposed to air, particularly at low temperatures at which the 
solubility of the gases is higher. Accordingly all hydrolyses 
were carried out under a carbon dioxide atmosphere. 

Gramicidin (2.3 gm.) was dissolved in acetic acid (10 cc.) and 
there was added the maximum amount of 6 N hydrochloric acid 
(8 cc.) that could be put in without precipitation of gramicidin as 
a viscous oil. The mixture was boiled under a reflux with a 
stream of carbon dioxide passing over the solution, and at 30 
minute intervals more 6 N hydrochloric acid was added (precipita- 
tion being avoided). The acetic acid concentration had been 
reduced to 8.5 per cent by volume at 3} hours and further additions 
were not made (total volume 118 ecc.). Hydrolysis under these 
conditions is rapid and is completed in about 24 hours, with the 
production of only slight yellow coloration. Pure tryptophane, 
similarly treated, is only about 0.7 per cent destroyed, according 
to the carboxyl nitrogen determinations, and is not appreciably 
racemized. The hydrolysates were evaporated to dryness in vacuo 
three times under a stream of carbon dioxide, to remove excess 
hydrochloric acid. 

Colorimetric analysis of a newly prepared hydrolysate of 
gramicidin indicated tryptophane equivalent to 37.3 per cent of 
the total nitrogen. Analyses of older samples have averaged 
about 35 per cent tryptophane nitrogen. The higher value is 
chosen as more nearly correct. 

Free ammonia in gramicidin hydrolysates was always so small 
in amount (0.8 to 1.4 per cent of the total nitrogen) that it is safe 
to consider it as only a side product. The quantity of amino 
nitrogen reported in Table I has been corrected for one-fourth the 
amount of ammonia, since about this proportion of ammonia will 
react with nitrous acid in the time used for the reaction with 
amino acids (13). The correction amounts to less than 0.5 per 
cent of the total amino nitrogen. The number of acidic and basic 
groups was calculated from the alcohol and acetone titrations 
and the chloride content (retained hydrochloric acid). 

The quantity of ammonia found after periodate acted upon a 
hydrolysate from which tryptophane had been removed was 0.8 
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mole, per mole of periodate reduced to iodate. This is evidence 
that the glycol grouping oxidized is a 1-amino-2-hydroxy grouping. 
After treatment with periodate the amino nitrogen was decreased 
while the a-amino nitrogen remained unaffected. For example, 
in one hydrolysate freed of tryptophane, which contained, per cc., 
0.330 mg. of amino and 0.308 mg. of a-amino nitrogen, there were 
found, after reaction with periodate and addition of glucose to 
destroy the excess reagent, 0.310 mg. of amino and 0.309 mg. of 
a-amino nitrogen. The destruction of amino nitrogen was caused 
by periodate, not by iodate or iodide. The evidence then shows 
that the 1,2-aminohydroxy compound is not an a-amino acid, 


TABLE III 


Theoretical Distribution of Nitrogen in Gramicidin 





Per cent total N 





Total No. of N atoms 








| Tryptephene a-Amino Amino 
—— pennant oe = —— annsanaclie 

10 40.0 70.0 80.0 

11 36.4 72.7 81.8 

2 | 33.3 75.0 83.3 

15 40.0 73.4 | 80.0 

16 37.5 75.0 81.2 

17 35.3 76.5 82.4 
Found 37.3 (35) | 72.6 80.4 





The analytical value in parentheses was obtained from hydrolysates 
that had not been freshly prepared. 


Alanine was estimated by deaminating the hydrolysate ac- 
cording to the method of Kendall and Friedemann (8), then de- 
termining lactic acid according to the modification of their method 
by Wendel (18). 

On the basis of the most probable integral quantities of com- 
ponents of gramicidin deduced from Table I, the theoretical nitro- 
gen distribution can be calculated for various molecular units 
considered above (Table ITI). 

Hydrolysate of Gramicidin. Qualitative Study—Tryptophane 
was isolated by mercuric sulfate precipitation of 400 cc. of a hydro- 
chloric acid hydrolysate of gramicidin which contained 720 mg. 
of tryptophane by colorimetric analysis. The mercury precipitate 
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was washed and decomposed with barium hydroxide and hydrogen 
sulfide, yielding a solution having 52 per cent of its nitrogen as 
amino nitrogen, and containing 650 mg. of tryptophane. By 
extraction with butyl alcohol, 280 mg. of crystalline tryptophane 
were recovered. After one recrystallization from water 198 mg. 
were obtained with the properties of pure /-tryptophane. 


Found. C 64.9, H 5.95, N 13.57; la]lp = —30° (1% in water) 
Theoretical. ‘‘ 64.7, ‘* 5.93, “‘ 13.72 


The rotation given for /-tryptophane in the literature varies from 
—28° to —33°; recent determinations give —32.1° (19) and 
—31.3° (20). 

Leucine was isolated as the 8-naphthalenesulfonate (7). The 
dried salt had the expected nitrogen content (theory, 4.13; found, 
total N 4.17, amino N 4.15, a-amino N 4.17). On decomposition 
of this salt (290 mg.) with pyridine and recrystallization of the 
product from water, there were obtained 56 mg. of crystalline 
d-leucine: 


Found. C 55.0, H 9.96, N 10.70; lalp = —14° (0.6% in 20% HCl 
Theoretical. ‘‘ 54.95, ‘‘ 9.99, ‘* 10.68 


The optical rotation of d-leucine is, from the literature, about 
—15.5° (21, 22) in 20 per cent hydrochloric acid. The yield of 
free d-leucine (50 per cent) was comparable with that reported by 
Bergmann and Stein for I-leucine (59 per cent; [a]*# = +15.3° 
in HCl) recovered from large quantities of l-leucine 8-naphthalene- 
sulfonate (7). It is concluded that the leucine present in grami- 
cidin is pure d-leucine and that a small part of it has been racemized 
during hydrolysis. 

Formaldehyde was detected in the periodate-treated hydrolysate 
(best in a tryptophane-free fraction) by preparation of the dimedon 
derivative (23). The melting point of the derivative obtained 
was 188-191° (micro hot stage, uncorrected) and that of the pure 
formaldehyde derivative 189-191°; the melting point of a mixture 
of the two was 189-191°. 

When treated with periodate followed by p-nitrophenylhydra- 
zine, the hydrolysate yielded a hydrazone soluble in aqueous 
sodium carbonate. Glyoxylic acid p-nitrophenylhydrazone (which 
would have been formed from serine or isoserine) could not be 
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isolated, but there was obtained a trace of a reddish brown acidic 
hydrazone which has not been identified as yet. 

Fatty acids or alcohols, basic amino acids, proline, or tyrosine 
was not detected in gramicidin hydrolysates (small quantities of 
fatty acid had been obtained from the first hydrolysates studied 
(1) but these were no longer found when the gramicidin was 
thoroughly freed of waxy impurities). If the terminal amino and 
carboxyl groups of the peptide chain in gramicidin are combined 
as acyl and ester derivatives respectively, then the hydrolysate 
should contain an aliphatic acid and alcohol. Ether extracts 
showed no appreciable non-volatile substances, and no evidence 
of volatile ones other than the acetic acid used in hydrolysis. 
Since in separate determinations acetyl and methoxyl groups were 
not found, the possibility remains that gramicidin is a cyclic pep- 
tide and that this is the reason for its having no free amino or 
carboxyl groups. 

Chemical Properties of Tyrocidine Hydrochloride—Gravimetric 
determination of chloride in tyrocidine hydrochloride gave 2.61, 
2.69, 2.78, and 2.76 per cent (the author is indebted to Mr. A. Elek 
for the gravimetric analyses). Chloride was also determined by 
Volhard titration after an alcoholic solution of the salt was pre- 
cipitated by an excess of dilute nitric acid; the content found was 
2.79, 2.87, and 2.83 per cent. The average value 2.76 per cent, 
corresponds to 1 chlorine atom per 1285 of molecular weight (or 
2 atoms per 2570). 

When electrometrically titrated with the use of a glass electrode, 
tyrocidine hydrochloride utilized alkali equivalent to its chloride 
content, maximum buffering occurring around pH 8.6. — Precipita- 
tion occurs at pH 8 and above. A second hydrogen dissociation 
began to occur above pH 10. Formol titrations of the hydro- 
chloride indicated equivalent weights of 1195, 1205. In alcohol 
solution, in which weakly acidic groups are also titrated, the salt 
utilizes 1 equivalent of alkali per 855 + 10 of molecular weight 
(3 per 2560). 

The reagents for the nitrous acid determination of amino nitro- 
gen precipitate tyrocidine. However, the results are consistent 
and fairly reproducible; those presented in Table II are typical. 
Tyrocidine gives a strong color reaction with ninhydrin but no 























R. D. Hotchkiss 183 


carbon dioxide is liberated; therefore the amino group is free but 
not in the a position with respect to a free carboxyl group. 

Warming tyrocidine in the presence of concentrated hydrochloric 
acid and p-dimethylaminobenzaldehyde allowed a direct colori- 
metric analysis for tryptophane. Varying quantities of the hydro- 
chloride showed 16.9, 16.6, 16.3 per cent tryptophane.! Am- 
monia was estimated separately after short hydrolysis in alcoholic 
hydrochloric acid. 

Tyrocidine gives a red coloration with diazobenzenesulfonic acid 
before and after hydrolysis. Tyrosine was identified by the 
Millon reaction and by isolation; quantitative determination has 
not yet been attempted. 

The analytical data (2) are in agreement with an empirical for- 
mula C's3H g3N 13013» HCI (mol. wt. 1267) or its multiples, 


Found. C 59.6, H 6.66, N 14.31, Cl 2.76 
Calculated. ‘ 59.7, ‘‘ 6.68, ‘* 14.37, “ 2.80 


Hydrolysate of Tyrocidine—A tyrocidine hydrolysate was pre- 
pared in the same way as for gramicidin. However, the carbon 
dioxide stream was accidentally interrupted during the hydrolysis, 
and there was a moderate amount of colored matter produced. 
Consequently the tryptophane values found are probably too low. 
All constituents were determined as described above. 

The dicarboxylic acid fraction, isolated by twice precipitating 
the barium salts with alcohol, showed 1.9 acidic groups per atom 
of nitrogen. Ninhydrin liberated 1.27 moles of carbon dioxide 
per equivalent of nitrogen, suggesting that one-fourth of the di- 
basic acid was aspartic acid and the remainder was another dicar- 
boxylie-e-amino acid. 

Acetylation of Tyrocidine—-0.55 gm. of tyrocidine hydrochloride 
was dissolved in 5 ce. of dry pyridine and treated with 1.5 ce. of 
acetic anhydride. The solution, which rapidly became precipi- 
table by water, was allowed to stand at 25° for 24 hours. The 
product was precipitated by addition of ether and reprecipitated 


' The author has learned by personal communication that Christensen, 
Edwards, and Piersma find a much lower tryptophane content in tyrocidine 
hydrochloride. Their method of determination differs from ours, but there 
is no other explanation at present for the apparent discrepancy. 
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twice from alcohol solution by ether. The acetylated product 
(0.5 gm.) is more soluble in alcohol and much less soluble in water 
than the starting material. The analysis suggests that about three 
acetyl groups have been introduced for every 13 nitrogen atoms: 


Found. C 60.9, H 6.7, N 13.4, acetyl 9.9 


The specific rotation is [a]? = —120° (0.7 per cent in absolute 
alcohol). 

The acetyl derivative is not acidic when titrated in alcohol and 
does not give a blue color with ninhydrin. 

Action of Proteolytic Enzymes—Crude trypsin, pepsin, papain, 
and papaya latex were tested for their effect upon tyrothricin and 
upon partially purified tyrocidine and gramicidin. The mixtures 
were incubated at 37° and tested by titrations in acetone and al- 
cohol. In no instance was liberation of amino or carboxyl groups 
detected. 

The amount of polypeptide in each titration sample was about 
50 mg. Trypsin was used at pH 7, 8, and 9, papain at pH 4.4, 5.6, 
and 6.4, and pepsin at pH 1.9, 3.0, and 3.9. Papain and papaya 
latex enzyme were activated with cysteine. The polypeptides 
were either suspended in water or dissolved in alcohol or glycerol 
and diluted to 5 per cent alcohol or 20 per cent glycerol. Suitable 
gelatin and casein substrates were hydrolyzed rapidly under the 


same conditions. 


SUMMARY 


Gramicidin is a polypeptide which contains no free amino or 
carboxyl groups. The total nitrogen and oxygen content is ac- 
counted for by a-amino acids and a 1,2-aminohydroxy compound 
which is not an a-amino acid. Amino acids which have been iden- 
tified are /-tryptophane, d-leucine, and alanine. Several alterna- 
tive empirical formulas for gramicidin can be proposed. The 
data have been discussed in connection with two satisfactory for- 
mulas corresponding to molecular weights of 1054 and 1413. 

Tyrocidine hydrochloride is a salt of a polypeptide having free 
basic amino groups. The most probable molecular unit has two 


amino groups, three amide groups, and one weakly acidic carboxy! 
or phenolic group and a molecular weight of 2534. Tryptophane, 
tyrosine, and dicarboxylicamino acids, in part aspartic acid, have 
been detected. 
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THE COMPOSITION OF GRAMICIDIN AND TYROCIDINE* 


By HALVOR N CHRISTENSEN, RAYMOND R. EDWARDS, anv 
HENRY D. PIERSMA 


(From the Lederle Laboratories, Inc., Pearl River, New York) 


(Received for publication, June 30, 1941) 


This communication and the preceding one by Hotchkiss (1) are 
accounts of independent investigations on the nature of gramicidin 
and tyrocidine hydrochloride. These substances have been iso- 
lated, according to the procedure of Hotchkiss and Dubos (2), 
from the alcohol-soluble bactericidal material synthesized by a 
strain of Bacillus brevis discovered by Dubos (3). We are greatly 
indebted to Dr. Dubos for a culture of this organism. 

Gramicidin, thrice crystallized from acetone, yielded 62.5 per 
cent carbon, 7.5 per cent hydrogen, 14.6 per cent nitrogen (Dumas 
method). No sulfur or phosphorus could be detected. The 
homogeneity of the material is indicated by the constancy of bac- 
tericidal activity, of solubility in acetone, and of chemical composi- 
tion. Injected intraperitoneally into mice simultaneously infected 
intraperitoneally with 10,000 minimum fatal doses of Type I 
phneumococcus, 0.2 y of the gramicidin protects more than 50 per 
cent of the animals. 2 mg. per kilo per day intravenously killed 
two dogs in 2 and 3 days respectively. The substance lost no 
bactericidal activity during 2 hours of boiling in alcohol, little 
during 15 hours of standing in 50 per cent alcohol solution N in 
sodium hydroxide. The loss of activity was 90 per cent complete in 
2 hours of boiling in 50 per cent alcohol 0.1 N in HCl, and complete 
in 2 hours of boiling in 50 per cent alcohol n in HCI or 0.1 N in 
NaOH. Our gramicidin was highly insoluble in water; when al- 


* Because of the necessity of terminating the investigation this work is 
reported at the present time. The similarity in the courses pursued by 
this laboratory and by Dr. Hotchkiss was not recognized until recently. 
Because of their independent and, in the main, mutually confirmatory 
nature, these papers are presented simultaneously. 
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cohol solutions were added to water, flocculation was very rapid. 
The bactericidal activity in vivo showed wide variations with the 
state of dispersion in water. 

Tyrocidine hydrochloride has been isolated according to the 
procedure of Hotchkiss and Dubos (2), with four crystallizations 
from alcohol containing hydrogen chloride. We have found 59.7 
per cent carbon, 6.9 per cent hydrogen, 14.5 per cent nitrogen 
(Dumas), and 2.52 per cent chlorine (Patterson (4)). Tyrocidine 
hydrochloride showed a solubility, constant on repeated extraction 
with ethanol 0.1 N in HCl, of 5 mg. per gm. of solution. About 5 
y of our tyrocidine hydrochloride were required to protect 50 per 
cent of mice infected with 10,000 minimum fatal doses of Type I 
pneumococcus, under the same conditions as for gramicidin. With 
the lapse of time between infection and treatment the activity of 
tyrocidine dropped off more rapidly than that of gramicidin. 
Thus only one in ten mice infected with 1000 doses of Type I 
pheumococcus survived when treated 10 minutes later with 50 
y of tyrocidine hydrochloride, whereas six out of ten mice survived 
when treated 10 minutes after infection with 25 y of gramicidin. 
10 mg. per kilo per day of tyrocidine hydrochloride in aqueous 
suspension injected intravenously killed two dogs in 1 and 2 days 
respectively. 

Components of Gramicidin and Tyrocidine Molecules—The pres- 
ence of tryptophane in gramicidin, and of tryptophane and tyrosine 
in tyrocidine hydrochloride, was reported by Hotchkiss and Dubos 
(5). Their data suggest that the two substances are polypeptides, 
containing in the vicinity of ten amino acids per molecule. No 
groups dissociating or associating hydrogen ions were observed in 
gramicidin. A group dissociating near pH 8.5 was reported for 
tyrocidine (2). 

In gramicidin we found no evidence of dissociating groups in 
60 per cent alcohol when titrated with acid or alkali. The observa- 
tion that “graminic acid” formed a chloroplatinate insoluble in eth- 
anol led us to observe, by titration, that the polypeptide behaved as 
abase. Following the report of the basic nature of “graminic acid” 
and the renaming of the substance “tyrocidine hydrochloride” 
by Hotchkiss and Dubos (2), we were able to confirm the isolation 
procedure described by them for tyrocidine hydrochloride. Titra- 
tion of tyrocidine hydrochloride in aqueous suspension showed a 
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group dissociating 1 hydrogen ion in the vicinity of pH 9 in a 
quantity representing approximately 14 equivalents of nitrogen. 
The presence of an additional group dissociating above pH 11 
was suggested. 

Only smali amounts of nitrogen were released from either poly- 
peptide by the action of nitrous acid for 15 minutes by the Van 
Slyke technique. The substances were in a flocculated state, so 
that the reaction may have proceeded slowly; in the time interval 
employed there was little evidence for the presence in tyrocidine 
of an a-amino group equivalent to the alkaline dissociation con- 
stant observed by electrometric titration. 


EXPERIMENTAL 


50 mg. of gramicidin in 1.2 ml. of 60 per cent EtOH were titrated 
with 0.1 Nn HCl and 0.1 N NaOH in the same solvent by a glass 
electrode at 25°. 60 per cent alcohol was titrated under identical 
circumstances. The pH values reached were as follows: 


























Reagent added, mi | 0.00 | 0.05 HCI | 0.15 HCI joos NaOH 
Gramicidin in 60% EtOH | 5.86 | 2.78 | 2.25 | 11.3 
60% EtOH alone 6.81 | | 2.23 | 11.3 





50 mg. of tyrocidine hydrochloride were suspended in 1.5 ml. of 
water and titrated with 0.1 nN NaOH by glass electrode, with 5 
minutes of stirring between the alkali addition and pH determina- 
tion. The a-curve for this titration is shown in Fig. 1. 

6.00 mg. of gramicidin, introduced into the Van Slyke apparatus 
in glacial acetic acid solution, yielded 0.2 per cent of its nitrogen 
by the action of nitrous acid for 15 minutes at 25°. Tyrocidine 
hydrochloride, 6.02 mg., and the crude bactericidal material 
(Lot 80, no gramicidin or tyrocidine removed), 4.82 mg., yielded, 
respectively, under the same conditions 1.33 and 1.24 per cent of 
their nitrogen contents. 


Examination of Hydrolysis Products of Gramicidin and Tyrocidine 


Hydrolysis of tyrocidine by boiling 20 per cent aqueous hydro- 
chloric acid proceeded rapidly, the material passing into solution 
in about 2 hours. Gramicidin required about 18 hours contact 
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with boiling 20 per cent HCl for complete dissolution. The hydrol- 
yses were continued 18 hours after all material was dissolved, at 
which time amino nitrogens were maximal. Aqueous sodium 
hydroxide in sealed alkali-resistant tubes (Corning No. 728) ef- 
fected complete hydrolysis of tyrocidine at 105° in 24 hours, dis- 
solution requiring an hour. Without constant agitation aqueous 
alkali attacked gramicidin very slowly. Alcoholic potassium hy- 
droxide hydrolyzed either substance at 105° in 24 hours. Trypto- 
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Fig. 1. a-Curve for the titration of tyrocidine hydrochloride in aqueous 
dispersion. [T-HC}} is the concentration of tyrocidine hydrochloride in 
equivalents per kilo of water as indicated by the HCl content. ‘The solid 
curve is the theoretical form, and the isolated points are the experimental 


results. Corrections have been made for the effect of sodium ion on the 
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phane and tyrosine values for tyrocidine were no different whether 
hydrolysis was performed by alcoholic or aqueous alkali. For all 
other analyses, and for all isolations, hydrolysis by 20 per cent 
aqueous HC] was employed. 

Release of Amino Groups by Acid Hydrolysis——A 42 hour hydro- 
chloric acid hydrolysate of gramicidin, containing 0.194 mg. of 
N per ml., yielded in 3 minutes with nitrous acid 0.139 mg. of 
amino N per ml. A 36 hour tyrocidine hydrolysate by hydro- 
chloric acid, containing 0.181 mg. of N per ml., yielded 0.154 mg. 
of amino N per ml. In the presence of potassium iodide (Kendrick 
and Hanke (6)) 0.148 mg. of amino N per ml. was found. 
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Tryptophane and Tyrosine—10 mg. portions of gramicidin were 
hydrolyzed by 6 N alcoholic KOH in sealed tubes at 105°. After 
acidification by HCl each hydrolysate was made to 25 ml. and 2 
ml. aliquots taken for tryptophane analyses by the method of 
Bates (7) with dimethylaminobenzaldehyde, and by the method 
of Folin and Marenzi (8). 

100 mg. samples of tyrocidine hydrochloride were hydrolyzed 
similarly, acidified with sulfuric acid, and made to 10 ml. Ali- 
quots were taken for (a) tryptophane and tyrosine determinations 
according to Folin and Marenzi (8), (b) determination of total 
phenolic substances according to Folin and Marenzi, (c) trypto- 


TaBLe | 
Tyrosine and Tryptophane Analyses 





| Substances 
iy rm Tryptophane . 
= and — r oy 
arenzi ‘olin an reagent, as 
Marenzi Bates tyrosine 


per cent per cent per cent per cent 











Tyrocidine HCl, hydrolyzed by 


alcoholic NaOH................. 13.29 | 5.00 5.91 18,84 
Tyrocidine HCl, hydrolyzed by 

aqueous NaOH.................. 5.94 18.8 
Tyrocidine chloroplatinate. .. . 7.19* 











arg ai ater er a eel ar 0.00 35.2 33.6 











* Expressed as per cent tryptophane in tyrocidine hydrochloride, to 
permit comparison. 


phane determination by the method of Bates. 6 .N aqueous sodium 
hydroxide was also employed for the hydrolysis of tyrocidine. 

Tryptophane analyses were also performed on a carefully pre- 
pared sample of tyrocidine chloroplatinate. A portion of tyrocidine 
hydrochloride was isolated with three crystallizations from large 
volumes without heating to above 35°. At a concentration of 
| per cent in ethanol, the chloroplatinate of this was precipitated. 
Dried at 100° in vacuo, this contained 10.1 per cent nitrogen. 

The tryptophane and tyrosine contents of these preparations 
are shown in Table I. 

Isolation of Tryptophane—1 gm. of gramicidin was hydrolyzed 
by 25 ce. of 20 per cent HCl] for 36 hours. The solution was freed 
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of excess HCl in vacuo, made to 100 ml., and decolorized by 300 
mg. of norit A. The stock solutions so prepared were designated 
Hydrolysate A. From one-half of this solution tryptophane- 
mercuric sulfate was precipitated and tryptophane freed of mer- 
cury and sulfate (9). The mother liquor from this precipitation 
was also freed of mercury and sulfate, and concentrated and des- 
ignated Solution B. The tryptophane solution upon electromet- 
ric titration showed pK 2.4 and 9.4. Upon concentration crystals 
separated, [a]? = —30°, 13.6 per cent N, 6.80 per cent amino N, 

Acetyl Groups—No steam-volatile acids could be recovered from 
hydrolysates by aqueous sodium hydroxide of gramicidin and 
tyrocidine hydrochloride. 

Fatty Acids—No ether-soluble fatty acids could be recovered 
from hydrolysates by alcoholic potassium hydroxide of gramicidin 
or tyrocidine. 

Detection and Isolation of Miscellaneous Amino Acids—By the 
method of Kapeller-Adler (10), applied to samples of Hydrolysate 
A, phenylalanine was shown absent from gramicidin and present 
to the extent of 22 per cent in tyrocidine hydrochloride. A stand- 
ard was used containing the same quantity of tyrosine and trypto- 
phane as tyrocidine, and the comparison made at 560 my. Sat- 
uration of tyrocidine Hydrolysate A at a concentration of 200 
mg. per ml. with gaseous HC! yielded crystals, which upon two 
crystallizations were found to be pure phenylalanine hydrochloride, 
6.93 per cent N. 

No hydroxyproline was detected in gramicidin or tyrocidine 
Hydrolysate A by the method of Waldschmidt-Leitz and Akabori 
(11). No proline was precipitated by ammonium rhodanilate 
(12) from either hydrolysate. 

By the precipitation of leucine 2-naphthol-7-sulfonate (13) from 
gramicidin Hydrolysate A, from 12 to 23 per cent of d-leucine was 
indicated. A 12 per cent yield was isolated. [a] = +11° 
(0.82 per cent solution in water). From gramicidin Solution B, 
a 16 per cent yield of leucine was isolated by precipitation of the 
copper salt and crystallization as free leucine, 10.7 per cent N, 
[a] = —14° (2.4 per cent solution in 20 per cent HCl). 

The presence of about 14 per cent alanine in tyrocidine and about 
30 per cent in gramicidin was suggested by the incompletely specific 
method of Friedemann and Kendall (14). By isolation of alanine 
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dioxpyridate (15) from gramicidin and tyrocidine hydrolysates 
(Hydrolysate A) containing approximately 23 mg. of alanine 
per ml., the presence of about 22 per cent of alanine in gramicidin 
and 6.6 per cent in tyrocidine hydrochloride was indicated. 

1 ammonia molecule for every 13 to 16 nitrogen atoms was re- 
leased from gramicidin Hydrolysate A by the action of periodate, 
according to the procedure of Van Slyke et al. (16). The presence 
of a substance with a hydroxyl and an amino group on adjacent 
carbons was indicated. A trace (about 0.05 per cent) of pre- 
formed ammonia was found in this hydrolysate. 1.86 per cent 
ammonia nitrogen was isolated from tyrocidine hydrochloride 
hydrolysates by aeration, but no additional ammonia was released 
by periodate. The hydroxyamino compound was not threonine 
(Block and Bolling (17)); nor was it hydroxylysine or hydroxy- 
glutamic acid, since it was absent in the phosphotungstic acid 
precipitate and in the barium salts precipitated by alcohol. Upon 
fractional crystallization at pH 7, it was concentrated in the more 
soluble fractions. This makes it improbable that the substance 
is serine or isoserine. 

No glycine could be detected in hydrolysates of gramicidin and 
of tyrocidine by the method of Patton (18). 

Gramicidin and tyrocidine hydrolysates were examined for the 
presence of dicarboxylic acids according to the procedure of Jones 
and Moeller (19). Gramicidin yielded about 5 per cent of its 
nitrogen and tyrocidine about 15 per cent of its nitrogen as in- 
soluble barium salts. The material separated from gramicidin 
yielded no insoluble copper salt, and formed a hydrochloride only 
moderately soluble in concentrated hydrochloric acid. Electro- 
metric titration indicated the presence of a monoaminomono- 
carboxylic acid. This substance was not one of the recognized 
components of gramicidin. 

The barium salt separated from tyrocidine yielded no hydro- 
chloride insoluble in concentrated hydrochloric acid, although a 
preliminary titration indicated that it was a monoaminodicar- 
boxylic acid. 

Precipitation of phosphotungstates according to Cavett (20) led 
to the recovery of a monoaminomonocarboxylic acid from gramici- 
din hydrolysates freed of tryptophane. This appeared to be ala- 
nine. From tyrocidine hydrolysates freed of ammonia about 15 
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per cent of the total nitrogen was precipitated by phosphotungstic 
acid. This fraction has not been examined. 


DISCUSSION 


The evidence obtained up to this time indicates that gramicidin 
and tyrocidine are polypeptides, and no hydrolysis products atypi- 
cal to this class of compounds have been isolated, unless the pres- 
ence of d-leucine is considered so. The tryptophane content of 
gramicidin suggests that the molecule contains a multiple of 6 
nitrogen atoms, of which 2 are due to tryptophane, and that 
the molecular weight is a multiple of about 575. The quantities 
of tryptophane, leucine, alanine, and the hydroxyamino compound 
have the approximate molecular ratios 2:2:(2 or 3):1. That the 
specific activity of gramicidin does not reside solely in these amino 
acid residues and their linkages to each other is indicated by the 
loss of activity upon heating with dilute alkali, under conditions 
which would not split peptide linkages nor destroy any of the 
recognized components. 

The tyrosine content and the chloride content of our tyrocidine 
hydrochloride are consistent in suggesting that the molecule has 
14 nitrogen atoms or a multiple thereof and a molecular weight of 
approximately 1350 or a multiple thereof. With several of our 
early preparations of tyrocidine hydrochloride difficulty was en- 
countered in obtaining uniform tryptophane values. Tyrocidine 
chloroplatinate, however, showed a constant ratio of tryptophane 
to tyrosine of 1:2, suggesting a minimum molecular weight of about 
2700. The molecular ratios of tyrosine, alanine, phenylalanine, 
ammonia, and dibasic amino acid approximate 1:1:2:2:2. 

The suggestions by Dr. Hotchkiss (personal communication) 
that the gramicidin molecule contains a multiple of 5 nitrogen 
atoms and that the tyrocidine molecule contains a multiple of 13 
nitrogen atoms are not strictly excluded by our data. 


SUMMARY 


Evidence has been presented that gramicidin is a polypeptide 
including among its components /-tryptophane, alanine, d-leucine, 
and a hydroxyamino compound, and that tyrocidine is a poly- 
peptide containing tryptophane, tyrosine, phenylalanine, alanine, 
a dicarboxylicamino acid, ammonia, and nitrogenous bases pre- 




















Christensen, Edwards, and Piersma 195 


cipitated by phosphotungstic acid. Evidence has been presented 
for the absence of numerous substances. Analytical data for the 
above components are given, and the possible molecular size and 
composition of the polypeptides have been discussed. 
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SOME PROPERTIES OF GRAMICIDIN 


By MAX TISHLER, J. L. STOKES, N. R. TRENNER, 
AND JOHN B. CONN 


(From the Research Laboratory of Merck and Company, Inc., Rahway, 
New Jersey) 


(Received for publication, July 3, 1941) 


The isolation of a crude but highly bactericidal substance of a 
non-protein nature from cultures of an aerobic sporulating bacillus 
was recently announced by Dubos and Cattaneo (1). From this 
substance, later referred to as tyrothricin, two crystalline com- 
pounds, gramicidin and tyrocidine hydrochloride (2, 3), were ob- 
tained. Both compounds were found to be highly bactericidal, 
in vitro, for Gram-positive microorganisms. With a_ special 
technique, gramicidin in very small doses protected mice infected 
intraperitoneally with pneumococci (3), whereas tyrocidine hy- 
drochloride exerted a similar protection at a much higher dose 
(2,4). Shortly after the announcement of the isolation of gramici- 
din (3), Hoogerheide (5) reported the isolation of a crystalline, 
bactericidal compound termed Fraction II, from cultures of a 
sporulating bacillus obtained from soil. Although many of the 
chemical and biological properties of Fraction II are similar to 
those of gramicidin, Hoogerheide did not regard the two as iden- 
tical, because of differences in behavior towards certain reagents 
and because of disagreement of nitrogen analyses. 

In our investigations, the isolation of gramicidin from tyro- 
thricin was accomplished by the method originally employed by 
Hotchkiss and Dubos (3) and also by the method described by 
Hoogerheide (5). 

Gramicidin was also isolated from tyrothricin by a prolonged 
continuous extraction with absolute ether. This observation is 
somewhat unexpected, inasmuch as it has been demonstrated that 
gramicidin is a polypeptide of high molecular weight (3). Owing 
to the small but definite solubility of gramicidin in ether, the pure 
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product crystallizes in the ether reservoir during the extraction 
period. 

Gramicidin prepared by the above methods was subjected to 
repeated recrystallizations with different solvents as a test for 
its homogeneity. The steps were followed by analyses, by deter- 
minations of optical rotation and of bactericidal activity, and also 
by studies of ultraviolet absorption spectra. The results indicate 


TABLE | 
Physical and Analytical Data of Gramicidin 


Source M.p. 





one | (qe) Fi Gm 
: » at fli 





Hotchkiss and Dubos 











Prepared by method of ms shyt 62.71 | 7.36 | 14.84 | +5.5 124 
| 


Prepared by Hooger- | 228-230 | 62.67 | 7.41 | 14.88} +5.2 | 122 
heide’s method | 
Prepared by ether ex- 5 128 


228-230 | 62.75 | | 7.38 | 14.79 | +5. 


traction 
Reported by Hotchkiss | 
and Dubos (3) 
Reported by Hooger- | 228-232 | 62.7 | 7.52 | 14.9 | Slightly| 126 
heide (5) for Fraction II positive 


228-230 | 62.7 | 7.5 13.9 +5 


The authors wish to acknewledas with gratitude the microanalytical 
determinations carried out by Mr. D. F. Hayman, Mr. W. R. Reiss, 
Mr. R. N. Boos, and Mr. H. 8. Clark of Merck and Company, Inc. 

* The analyses recorded for our preparations are averages of many de- 
terminations on several samples of the same degree of purity. The an- 
alytical results reported by Hoogerheide are also average values. 








that gramicidin is a single substance, and that its analytical, physi- 
cal, and biological properties are identical with those of Fraction II. 

As indicated in Table I, the reported difference in nitrogen con- 
tent between gramicidin and Fraction II is non-existent. In 
agreement with Hoogerheide, we observed that gramicidin takes 
up about 2 per cent moisture which it retains tenaciously. This 
factor may account for the lower nitrogen value previously re- 
ported for gramicidin. 

The ultraviolet absorption spectra of our samples resemble 
closely those given by Fraction II. As indicated in Fig. 1 the 
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two compounds absorb in the same regions, showing a principal 
maximum at 2815 A. and a second maximum at 2910 A. Careful 
examination also reveals some fine structure at 2690 A. which was 
not observed by Hoogerheide. 

In order to determine quantitatively the activity of samples of 
gramicidin obtained by fractional crystallization a method was 
developed which made use of a sensitive strain of micrococcus 
(MY strain). This organism is Gram-positive and forms a yellow 
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Fic. 1. Absorption spectra of gramicidin 


pigment. It produces an acid reaction in dextrose, maltose, and 
lactose broths, but not in sucrose broth, and also liquefies gelatin 
and reduces nitrates to nitrites. This particular strain of micro- 
coccus was used because it is sensitive to the action of gramicidin! 
and gives readily reproducible counts in plating experiments. 
5 hour cultures of the micrococcus grown under carefully stand- 
1 Many strains of Staphylococcus aureus have been found by us and by 


Dubos (personal communication) to be very resistant to the action of 
gramicidin. 
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ardized conditions in order to obtain populations of constant 
size were used. As a check, direct microscopic counts were made 
on each culture used in the test. Cultures that showed consider- 
able variation from the normal were discarded. The bactericidal 
activity of a particular sample of gramicidin was evaluated by 
determining the amount necessary to destroy 50 per cent of the 
micrococcus cells present in 1.0 ce. of a 5 hour culture, within 2 
hours at 37°. The number of surviving cells was determined by 
the plating method. A sample of partially purified tyrothricin 


Tasie II 
Quantitative Assay Results 








Substance Source ity* 

1. Gramicidin Ether extraction of tyrothricin | 4 

2. ™ (1) reerystallized six times from ace- | 4 
tone 

3. 6s Prepared by method of Hotchkissand | 5 
Dubos | 

4. = 3) recrystallized from butyl alcohol 4 

5. =; Prepared by Hoogerheide’s method 4 

6. e flavianate From gramicidin and flavianic acid 6 

7. ” -. 6) reerystallized three times from 5 
methanol 

8. . Solid heated at 111° for 3 hrs. 4 

9. os Alcoholic solution boiled 36 hrs. | 4 











* The values given represent the weight, in micrograms of any fraction, 
necessary to destroy 50 per cent of the bacterial cells within 2 hours at 
37°. The results are accurate to +1 y. 


which was known to cause lysis of the cells in the test culture, 
in amounts of 5 y but not 4 y, was used as a control on the sen- 
sitivity of the micrococcus cells and of the test conditions. The 
values obtained for gramicidin were accepted only when the ex- 
pected values for the tyrothricin were found. 

Some of the results of this quantitative study are given in 
Table II. 

A sample of tyrocidine hydrochloride when tested for activity 
by the same method as was used for gramicidin gave 50 per cent 
destruction with 7 y. Gramicidin, therefore, appears to be about 
twice as active as tyrocidine hydrochloride under our conditions 
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of testing for activity. The differences in chemical and biological 
properties of gramicidin and tyrocidine have recently been dis- 
cussed by Dubos and Hotchkiss (6). 

Pure gramicidin responds to the common protein tests in the 
same way as does Fraction II. Thus it gives the biuret, xantho- 
proteic, and the Hopkins-Cole tests. The latter reaction takes 
place slowly. In spite of the fact that gramicidin does not contain 
free amino or carboxyl groups, it combines with some of the usual 
protein precipitants.| Crystalline products were obtained when 
gramicidin was brought into contact with flavianic acid or rufianic 
acid in methyl alcohol. Picric acid, however, produced a gel. 


TaB_e III 
Analyses of Gramicidin Flavianate 


The gramicidin flavianate was prepared by mixing a solution of 0.5 gm. 
of gramicidin in 2.5 ec. of methanol and 0.5 gm. of flavianie acid in 2.5 
ee. of methanol. Precipitation occurs after the mixture has stood for 


a few minutes. The product was always recrystallized from boiling 


methanol. 
~— Carbon | Hydrogen Sulfur 
1 60.68 7.00 
2 60.67 | 7.32 
2 60.78 7.10 
3 60.50 7.00 | 0.97, 0.97, 0.96 





No precipitate was formed when gramicidin was treated with 
chloroplatinie acid, gold chloride, or phosphotungstic acid. 

The flavianate of gramicidin (decomposition at 215-218°), pre- 
pared by mixing methyl alcohol solutions of flavianie acid and 
gramicidin, appears to be a complex which dissociates to an ap- 
preciable extent when dissolved in methanol. On recrystallization 
of this substance from hot methanol about 40 per cent recovery is 
obtained. When additional flavianic acid solution is added to 
the mother liquor, flavianate precipitates. That the flavianic acid 
in the flavianate is part of a true complex and not held by gramici- 
din by some adsorption phenomena was indicated by the constancy 
of the analyses of repeatedly recrystallized samples (Table III). 
In addition, it was found that a sample of the flavianate in abso- 
lute methanol (29 mg. per 10 ec.) has an optical density of 0.50 
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at 4600 A. This value is higher than the density of the same 
weight concentration of pure flavianic acid. 

The molecular weight of gramicidin, determined by the melting 
point depression of camphor, has been reported to lie between 
1200 and 1600 (2, 5). Our results with this method are in agree- 
ment with these values. Inasmuch as the ervyoscopic method 
with camphor as the solvent sometimes leads to erroneous results, 
& more intensive study of this problem was undertaken. 

A determination of the molecular weight was made by a modi- 
fication of the isothermal distillation method of Barger, Nieder|, 
and collaborators (7). In the determination under consideration, 
82.77 mg. of a carefully prepared, rigorously dried sample of grami- 
cidin were weighed into the right-hand limb of a V-tube, and 4.119 
mg. of a sample of pure 2,3-dimethyl-1,4-naphthoquinone into 
the left-hand limb. The gas had been carefully discharged from 
the entire vessel before the introduction of these materials, and 
methyl alcohol (over a drying agent) was vacuum-distilled into 
the two limbs of the vessel, thus forming the solutions. These 
were frozen at dry ice temperature, and the vessel sealed under a 
vacuum. 

In consideration of the serious errors which would accrue asa 
result of any appreciable quantity of low molecular weight im- 
purities, a rigorous technique, designed to avoid the presence of 
water or of atmospheric gases, was used at every stage of the filling 
operation. The quantities of methanol introduced into the right- 
and left-hand limbs were respectively 6.78 and 4.51 ec. The vapor 
pressure of the solvent from the two solutions thus formed is the 
same, in case the molecular weight of the unknown is 2500. (A 
preliminary diffusion experiment in which n-butanol was used as 
the solvent, had indicated a value of the molecular weight in the 
range of 2500 to 4500.) The closed system was kept at a constant 
temperature (24°), and the transfer of solvent measured from time 
to time by observing the volume of the solution in each of the two 
limbs. The results are shown in Table LV. 

A graph of the results shown in Table IV indicates that the 
distillation proceeds uniformly in time until the 70th day. There- 
after there is no distillation, indicating that the two resultant solu- 
tions are in equilibrium with respect to the vapor pressure of the 
solvent. Accordingly, from the data above, this condition of 
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equilibrium indicates for the molecular weight of gramicidin a 
value of 3100. 

It is interesting to note that the analytical results of gramicidin 
flavianate are in agreement with this value. On the assumption 
that 1 molecule of gramicidin combines with 1 molecule of flavianic 
acid, the sulfur content (0.97 per cent) indicates a molecular weight 
of 2986 + 300; the carbon ratio between gramicidin flavianate and 
its individual components places the value at 3036 + 300. 

An attempt was next made to determine the molecular weight 
of gramicidin dissolved in phenol by measurement of the freezing 








TaBLe IV 
Molecular Weight of Gramicidin As Determined by Isothermal Distillation 
Volume 
Days sientiantaeaaaaiie | AV (left limb)* > gm 
Left limb Right limb 
— = ce. a 
0 4.51 6.78 0.0 (2500) 
13 4.58 6.70 +0.07 
44 4.81 6.49 +0.30 (2800) 
62 5.03 6.25 +0.52 
73 5.10 6.20 +0.59 3100 
91 5.10 6.18 +0.59 3100 
105 5.12 6.18 +0.61 3100 














The parentheses indicate non-equilibrium values. 
* AV is the volume change in the left limb due to distillation of sol- 
vent from the right limb. 


point depression. The phenol used as solvent, as well as the 
technique of the measurements, was first checked by using di- 
phenylamine (mol. wt. 169) as a standard. Values of 165 and 166 
were obtained under conditions entirely comparable with those 
used with gramicidin. In the first experiment (1.067 gm. of grami- 
cidin, 12.26 gm. of phenol, observed depression 0.746°, eryoscopic 
constant of phenol 7.4° per mole per 1000 gm.) a value of 864 was 
found for the molecular weight. At this point, the drying of the 
gramicidin was suspected, and, accordingly, a still more rigorous 
drying procedure was used. A further determination at approxi- 
mately the same concentration of gramicidin in phenol gave a re- 
sult of 908. 
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As a further check on the cryoscopic method, it was decided to 
determine the molecular weight of gramicidin dissolved in cyclo- 


TABLE V 


Volecular Weight of Gramicidin As Determined by Freezing Point Depression 











a eles Temperature Apparent mol. wt. 
gm. we 
0.0409 1.44 1220 
0.0247 1.035 1026 
0.0204 0.945 926 
0.0109 0.635 737 
0.00961 0.58 712 
0.00713 0.47 652 
0.00439 0.32 589 
1200+ — 
100-— os 
| 
1000— _ 
900 - — 
= 800 . 
SS) 
= 
= 
® 700}— 4 
6 
= 
<« 
600'\— 4 
® Successive Addition of Solute 
500 O Successive Addition of Solvent 
L > | 4 = ————— =—s —— a= 
0.00 01 0.02 0.03 0.04 0,05 


Conc g Gramicidin/G Solvent 


Fic. 2. Molecular weight of gramicidin dissolved in cyclohexanol 
hexanol by measurement of the freezing point depression. East- 
man, best grade, cyclohexanol was redistilled, the fraction boiling 
at 161° being retained for use. It froze sharply at 25.15° with only 
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a 0.3° drift on complete solidification. In view of the scanty and 
uncertain data in the literature for the value of the cryoscopic 
constant of this solvent, two determinations of this constant were 
made. Diphenylamine and benzophenone were used as solutes 
for this purpose. The series of measurements with diphenylamine 
indicated that the value of the constant is 46.4° + 1.1° (degrees 
per mole per 1000 gm.), that with benzophenone 42.7° + 0.2°. 
The value 43.0° was adopted for the further determinations. The 
results obtained are recorded in Table V. 

The uniformity of the experimental results is indicated by the 
graph in Fig. 2. The first series of measurements was made by 
successively diluting more concentrated solutions, and it was at 
first thought that the greater specific depressions (and hence the 
smaller apparent molecular weight) obtained at the greater dilu- 
tions was to be attributed to a gradual uptake of moisture in spite 
of the precautions taken. This explanation had to be abandoned 
when it was found that the curve in Fig. 2 could be reproduced by 
successively adding solute to less concentrated solutions. 

The anomaly presented by these results remains unexplained. 
It should be added, however, that the solute recovered from the 
cyclohexanol solutions was indistinguishable from the starting 
material. 


SUMMARY 


1. Further characterization of gramicidin, a bactericidal sub- 
stance, isolated by Hotchkiss and Dubos from cultures of an aerobic 
sporulating bacillus, are reported. 

2. Gramicidin appears to be identical with a crystalline bacteri- 
cidal fraction isolated by Hoogerheide. 

3. Gramicidin forms a crystalline flavianate and rufianate. 

4. The molecular weight of gramicidin presents an anomaly in 
that it appears to depend on the nature of the solvent and the 
concentration of solute. Cryoscopic determinations in cyclo- 
hexanone give values from 600 to 1200 (concentration range 0.4 
to 4 gm. per 100 gm. of solvent), whereas isothermal distillation in 
methanol indicates a molecular weight of 3100. Sulfur and carbon 
analyses of gramicidin flavianate place the molecular weight of 
gramicidin as 3000, assuming 1 molecule of gramicidin and 1 
molecule of flavianic acid in this complex. 
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CHARACTERIZATION OF THE FUNCTIONAL GROUPS OF 
BIOTIN* 
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(From the Department of Biochemistry, Cornell University Medical College, 
New York City) 


(Received for publication, July 29, 1941) 


In a previous publication (1) we have described a procedure for 
the isolation from liver of biotin as the pure crystalline methyl 
ester. Some of the properties of the pure substance were de- 
scribed, and in a later paper (2) we have given the preparation 
and properties of free biotin itself. We have also recently reported 
the results of a series of inactivation experiments on pure biotin 
which gave some indication of the possible presence or absence of 
certain types of groups (3). In this present paper we give the 
results of experiments which by direct chemical attack have led 
to the recognition of the functional groups present in the biotin 
molecule. We have obtained evidence that biotin is an N ,N’- 
disubstituted cyclic urea derivative. 

As previously reported (1), biotin methyl ester possesses a 
melting point of 166-167° and is optically active ({a] = +57° 
in chloroform). The analytical data are in best agreement with 
the empirical formula of Cy,H;s0;N28 and show one methoxyl group 
to be present. The free biotin (2) melts at 230-232°, possesses a 
rotation of [a]* = +92° in 0.1 n NaOH, and is predominantly 
acidic in character. Analyses of the compound led to the formula 
CioHygO3N28 which is in agreement with the results of the analyses 


* The authors wish to express their appreciation to Mr. W. O. Frohring 
and the Research Staff of the S. M. A. Corporation for the supply of biotin 
concentrates which made this investigation possible. 

+t Dr. Hofmann’s participation in this work has been made possible by a 
fellowship granted to him by the Society for Chemical Industry, Basel, 
Switzerland. 

tS.M.A. Corporation Fellow. 
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of the ester. Evidence for the presence of a carboxyl group in 
biotin has already been presented. The absence of specific ab- 
sorption bands for biotin in the ultraviolet range suggests the 
absence of an aromatic ring or of similar structures (2). 

Because biotin is inactivated by nitrous acid, it has been as- 
sumed that the compound could be an amino acid (4). We have 
found, however, that no nitrogen is produced when biotin is 
treated with nitrous acid by the Van Slyke procedure.' Further- 
more, no color is formed after treatment of biotin with ninhydrin 
at pH 6.5. The possibility of biotin being an a-amino acid is 
consequently eliminated. Inactivation experiments likewise led 
to this conclusion (3). 

Many other attempts were made to characterize the nitrogen 
in the biotin molecule. It would be unfruitful, however, to give 
the many negative experiments in this direction, since the follow- 
ing observation supplied us with the information we desired as to 
the nature of both of the nitrogen atoms. This same finding also 
characterized the remaining oxygen atom to be accounted for. 

Treatment of biotin or its methyl ester with strong barium 
hydroxide solution for 20 hours at 140° brings about the forma- 
tion of a new, optically active compound which can be isolated in 
85 per cent yield as the sulfate. The analyses of this compound 
agree best with the formula CygH2oO.N2S2. Since one-half of the 
sulfur in the molecule is present as ionizable sulfate, it appears 
that the compound is the salt of a substance possessing basic 
properties. The free compound, Cg H;s0.N.S, obtained from the 
sulfate by treatment with the calculated amount of barium 
hydroxide, melts with decomposition at 185-190°, and can be 
sublimed in vacuo. 

By a micro-Van Slyke procedure an average amino N content 
of 8.7 per cent was observed for the sulfate of this compound. 
This indicates the presence of two primary amino groups in the 
molecule. On benzoylation by the Schotten-Baumann method 
an alkali-soluble dibenzoyl derivative (m.p. 182-183°) is formed 
which with diazomethane forms a dibenzoyl methyl ester (m.p. 
128-130°). The new compound will be referred to hereafter as 
the diaminocarboxylic acid. 

‘ We are indebted to Dr. Fritz Lipmann for carrying out the micro-Van 
Slyke analyses by the method of Warburg (5). 
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The most logical interpretation we can place on the formation 
of a diaminocarboxylic acid with the loss of 1 carbon atom and 
1 oxygen atom from biotin is the cleavage of a cyclic urea deriva- 
tive. It will be recalled that biotin is predominantly acidic, so 
much so that biotin crystallizes as the free compound from fairly 
strong acid solutions. The nitrogen atoms must therefore be 
extremely weakly basic. However, some basicity is indicated 
by the fact that the ester can be extracted from chloroform by 
fairly strong HCl. The conversion of the biotin possessing such 
weakly basic nitrogen to the much more basic diaminocarboxylic 
acid fits in with the interpretation offered. The inactivation of 
biotin by nitrous acid in spite of no liberation of nitrogen gas 
may possibly be due to the formation of a nitroso derivative, a 
property of urea derivatives. During the drastic barium hydrox- 
ide treatment the urea structure would probably be transformed 
by the addition of water into the corresponding carbamic acid, 
which then loses CO, to yield the diaminocarboxylic acid. There- 
fore, the hydrolytic cleavage of biotin may be written in the 
folowing manner. 





—COOH 
. — 
CsH,;:8 CO ony C.H,,8 —NH, —_— 
J |—NH-—-COOH 
—NH 
—COOH 
CsHyS{—NH: + CO, 
-NH; 


The urea grouping must be part of a ring system, since no 
nitrogen and only 1 carbon atom is lost from the biotin by this 
procedure. The formation of two primary amino groups during 
the hydrolysis indicates further that each of the 2 nitrogen atoms 
of biotin carries 1 hydrogen atom. 

With the characterization of the 2 nitrogen atoms and the 3 
oxygen atoms, attention was focused on the nature of the sulfur. 
It was found that biotin does not contain alkali-labile sulfur and 
does not liberate H.S when treated with zine dust and HCl. After 
treatment with bromine water no inorganic sulfate could be 
detected. No positive nitroprusside test was obtained either in 
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the presence or the absence of sodium cyanide. 


the sulfur pointed to a 


Biotin 


The stability of 
thio ether structure and the experiments 


which will be described offer support for this assumption. 














-COOCH, 
Colt « oa, CHM, 
v Pa os 
-NH > 
> alkali 
Biotin methyl ester 
-COOH 
-NHo Ba (OH). 
Cots ~NH, ~< = 
. ys = 
HoSO, 
Dieminocarboxylic 
acid 
~-COOCHz 
. -NH-OC-C,.H CH,Ne 
65 ° 
CoHis 2 -NH-OC-CeHe | <————— 
Ne ail. 
2 


Dibenzoyldiaminocarvoxylic 
acid methyl ester 


It had been observed 


(3), that biotin is extremely sensitive to peroxides. 


pure biotin was treated 
acetic acid solution at 


From the reaction mixture it was possible to isolate a crystalline 


-COOH -COOH 
-NH H.O -NH 
ca, co Za CoH, Sco 
<i -NH 
c \c 
s >S09 
Biotin Biotin sulfone 
Ba(OH),, | 140° HN, alkali 
-COO! OCH, 
, -NHz le 
RJ So CoH, « ‘“ 
“ahig 4 Nis 4 e135 J Yo 
» -NH 
Ney 
fa 
Diaminocarboxylic Biotin sulfone methyl 
acid sulfate ester 
alkali |C,.H--COC1 
~COOH 
Col, s -WH-0C-CeHis 
+0 ~NH-OC-CeHe 
No 
S 
“ 


Dibenzoyldiaminocarboxylic 
acid 


Fia. 1 


by earlier investigators, as well as by us 
Accordingly, 
with excess hydrogen peroxide in glacial 
room temperature for 16 to 18 hours. 








methy) 
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oxidation product in 90 per cent yield. The analyses of the pure 
compound, which melts at 274-275° with decomposition, point 
to the composition Cj>H,O;N2S, in which 2 atoms of oxygen have 
been added to the biotin molecule without loss of carbon or 
hydrogen. The presence of a carboxyl group in the compound is 
shown by the formation of a methyl ester, m.p. 239-241°, on 
treatment with diazomethane. The methyl ester is saponified 
by cold dilute alkali with the formation of the original oxidation 
product, m.p. 274-275°. 

Biotin and the diaminocarboxylic acid when treated with 
tetranitromethane produce a strong yellow color, in contrast to 
the new oxidation product which does not produce any color with 
that reagent. This behavior could parallel the formation of a 
sulfone from a sulfide, the latter giving strong color, the former 
remaining colorless when treated with tetranitromethane. Since 
biotin is not hydrogenated when shaken in the presence of platinum 
with hydrogen, the molecule apparently does not contain an 
ethylenic linkage, assuming no poisoning of the catalyst. The 
sulfur in the thio ether form would therefore seem to be responsible 
for the color reaction with tetranitromethane. These facts along 
with the addition of 2 oxygen atoms to the molecule without loss 
of carbon or hydrogen point to an oxidation by the peroxide 
treatment of a thio ether to the corresponding sulfone. 

The relationships of the diaminocarboxylic acid and of the 
sulfone to biotin and to the derivatives of all three compounds 
are shown in Fig. 1. 


EXPERIMENTAL 


Diaminocarboxylic Acid Sulfate—10 mg. of biotin or biotin ester 
were heated in a sealed tube with 1 cc. of water and 200 mg. of 
barium hydroxide for 20 hours at 140°. The excess baryta was 
removed with carbon dioxide and the filtrate from the barium 
carbonate was acidified with 1 N H,SO, until it was faintly acid to 
Congo red. The precipitated barium sulfate was removed by 
filtration and the clear filtrate was concentrated in vacuo to a 
small volume. On addition of a few drops of methanol to the 
solution plate-like crystals appeared. The crystals were collected 
by filtration and were washed with methanol. The resulting 
10 mg. of crystals were further purified by crystallization from a 
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mixture of water and methanol. The pure material melted at 

245-255°,? depending upon the rate of heating. It possessed a 
. * 99 ~ - . . 

rotation of [a] = —15° for a 1 per cent solution in water. 


CgHaOgN Se (316.4) 


Calculated. C 34.16, H 6.37, N 8.85, S 20.27, NH2-N 8.85, SO.-S 10.13 
Found. ‘* 34.43, “6.31, “ 8.54, ** 20.22, - 8.69, ‘“ 10.07 

Diaminocarboxylic Acid —10 mg. of the diaminocarboxylic acid 
sulfate were dissolved in 0.5 ce. of water and 0.64 ce. of 0.1 N 
barium hydroxide solution was added. The barium sulfate was 
removed by filtration and the filtrate was concentrated to dryness 
in vacuo. The crystalline residue, 5.8 mg. of needles melting at 
180-185°, was purified by sublimation in vacuo (10-> mm.) at 
160°. The purified material melted at 186-190° with decom- 
position. 


CoH;s0.N.8. Calculated. C 49.52, H 8.31, NH.-N 12.83 
(218.3) Found. ** 49.33, “ 8.30, Pa 14.30 


2 mg. of the sublimed material were dissolved in 0.5 cc. of water 
and the solution was acidified with 1 N H,SO,;. On evaporation 
in vacuo and crystallization of the residue by the addition of 
methanol, the sulfate was obtained, melting at 245-250°. 

Dibenzoyldiaminocarboxrylic Acid—15 mg. of the diamino- 
‘varboxylic acid sulfate were dissolved in 1 ce. of water, and 1 
N NaOH was added until the solution was alkaline to phenol- 
phthalein. The solution was cooled with ice. 17 mg. of benzoyl 
chloride were added, and the solution was shaken for 15 minutes, 
and kept alkaline by the addition of ln NaOH. At the end of this 
time the alkaline solution was extracted with ether and the ether 
extracts were discarded. The aqueous layer was acidified to 
Congo red with 3 N HCl, whereupon the dibenzoyl derivative 
separated as an oil. The oil was extracted with chloroform. 
The chloroform solution was washed with water, dried over 
sodium sulfate, and evaporated to dryness. The crystalline 
residue was purified by crystallization from a mixture of methanol 


2 The melting points reported herein were determined by the use of the 
Kofler micro melting point apparatus and are uncorrected. 














Hofmann, Melville, and du Vigneaud 213 


and ether. The yield of pure compound was 15 mg. of needles 
melting at 182-183°. 


CxH.»O.N.S (426.5). Calculated, N 6.57; found, N 6.44 


Dibenzoyldiaminocarboxylic Acid Methyl Ester—10 mg. of the 
dibenzoyldiaminocarboxylic acid were dissolved in 0.5 ee. of 
methanol and to this solution was added a freshly distilled solution 
of diazomethane in ether until the yellow color remained. The 
solution was kept in the refrigerator for 30 minutes, and was then 
evaporated to dryness in vacuo. The crystalline residue was 
purified by crystallization from a mixture of methanol and ether. 
6 mg. of needles melting at 128-130° were obtained. 


CogH2s0,N.S. Calculated. C 65.42, H 6.40 
(440.5) Found. ** 65.46, “ 6.36 


Biotin Sulfone—11.9 mg. of biotin were dissolved in 5.4 ce. of 
glacial acetic acid and 0.6 cc. of 30 per cent HO, were added to 
the solution. The clear solution was kept at room temperature 
for 18 hours and then evaporated to dryness in vacuo. The crys- 
talline residue was dissolved in a few drops of boiling water and 
the solution was allowed to cool. The biotin sulfone crystallized 
from the cold solution in long needles. The crystals were re- 
moved by filtration and were washed with cold water. The yield 
of crystals was 7.0 mg., m.p. 274-275° with decomposition. By 
concentration of the mother liquors an additional 5.0 mg. of the 
sulfone, m.p. 274-275°, were obtained. 


CioHisO5N.8. Calculated. C 43.47, H 5.84, N 10.13, 8 11.61 
(276.3) Found. “* 43.36, “* 5.76, “ 10.17, “11.32 


The biotin sulfone was esterified in the following manner. 
5.0 mg. were suspended in 2 cc. of methanol and the suspension 
was cooled in an ice bath and treated with an excess of 
diazomethane for 4 hour with frequent shaking. At the end of 
this time the sulfone had dissolved and the yellow color due to the 
diazomethane remained. The solution was concentrated to 
dryness in vacuo and the crystalline residue, m.p. 238-240°, was 
sublimed at 220° and 10-° mm. pressure. The sublimate was 
dissolved in 1 ec. of hot methanol and upon the addition of ether 
the substance crystallized from the solution. The crystals were 
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washed with ether and dried. The yield of biotin sulfone methyl 
ester, m.p. 239-241°, was 4.5 mg. The methoxyl determination 
indicated the presence of one methoxyl grouping. 

Approximately 1 mg. of the biotin sulfone methyl! ester was 
dissolved in a few drops of 2N NaOH and the solution was acidified 
with dilute HCl. The crystalline material which separated was 
washed with water. This material melted with decomposition 
at 274-275°, the melting point of biotin sulfone. 


The authors wish to express their appreciation to Dr. J. R. 
Rachele of this laboratory for carrying out the microanalyses. 


SUMMARY 


Evidence accounting for the functional groups of biotin has been 
presented. It has been concluded that biotin is a carboxylic acid 
containing an N , N’-substituted cyclic urea grouping and possess- 
ing sulfur in a thio ether linkage. 

By alkaline treatment of biotin a sulfur-containing diamino- 
carboxylic acid containing 1 less carbon atom and 1 less oxygen 
atom is formed. The sulfone of biotin has been prepared by the 
oxidation of biotin with HO. The preparations of various 
derivatives of these compounds have likewise been presented. 
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A RAPID EXTRACTOR FOR URINARY STEROIDS 


II. MODIFICATIONS FOR THE SIMULTANEOUS HYDROLYSIS 
AND EXTRACTION OF URINE WITH ANY SOLVENT 
HEAVIER THAN WATER 


By bk. B. HERSHBERG* ano JOHN K. WOLFET 


(From the Converse Memorial Laboratory, Harvard University, Cambridge) 
(Received for publication, August 4, 1941) 


Since our publication last year (1), the extractor with a sintered 
glass disk dispersing carbon tetrachloride has been employed 
widely in both assay and research laboratories. In addition, 
the principle of simultaneous hydrolysis and extraction of 
urine which was suggested has been shown by Talbot, Butler, 
MacLachlan, and Jones (2) to result in a greatly improved 
androgen recovery. This, and other work, indicates that con- 
siderable time can be saved and a maximum yield of hormone 
obtained by warming the urine in the extractor with an electrical 
heater until the equilibrium temperature is reached. With 
carbon tetrachloride as the extracting solvent this is approximately 
60°, and once this temperature is reached the current may be 
shut off. 

The operating temperature can be controlled either above or 
below 60° by the use of some solvent other than carbon tetra- 
chloride as the extracting medium. A new level is then required 
in the extractor overflow arm to compensate for the change in 
specific gravity of the solvent. We have done this by using the 
sliding cylinder and barrel assembly B, shown in Fig. 1. The 
position of the overflow hole C may be adjusted while the ex- 
tractor is in operation by sliding the plunger A up or down through 
the cork D until the porous plate just dips into the urine. 


* Research Fellow on grants from the Nationa! Cancer Institute and Eli 
Lilly and Company to Professor L. F. Fieser. 

t Research Fellow on a grant from the National Cancer Institute to 
Professor L. F. Fieser. Present address, National Institute of Health. 
Bethesda, Maryland. 
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With a given dispersion disk the droplet size is dependent on 
the acidity of the solution and the surface tension of the ex- 
tracting solvent. Methylene chloride, chloroform, and _tetra- 
chloroethylene are all comparable with carbon tetrachloride, while 
ethylene chloride gives a coarse dispersion. 
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Fig. 1. Extraction apparatus 


Apparatus (Fig. 1) 


Variable Overflow Device—The plunger is ground to 3/8 inch in 
diameter and the barrel is made from precision inside ground and 
polished tubing (Ace Glass, Inc., Vineland, New Jersey), the fit 
being to a tolerance of from 0.001 to 0.003 inch. The upper sec- 
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tion of the barrel B is 15 mm. outer diameter and the upper section 
of the plunger A, above the overflow hole C, is 7.5 mm. outside 
diameter. 

A loosely fitting cork D offers sufficient resistance to prevent 
the plunger from slipping, once a setting has been made. 

Heater—This occupies the section EZ, which is from 7 to 8 inches 
long, beginning at a point about 2 inches below the porous disk. 
To construct the heater two } inch wide stainless steel bands are 
fastened to each end over strips of asbestos paper 1/16 inch thick 
and clamped tightly by means of screws and nuts. Then three 
vertical strips of asbestos paper 1/64 inch thick and 1 inch wide 
are placed symmetrically around the body of the extractor and 
wet with water to cause them to stick. A 20 foot length of No. 26 
gage resistance wire (4.1 ohms per foot) is then wound on with 
about } inch spacing between turns and each of the ends is fastened 
to one of the screws holding the steel bands. The entire winding 
is covered with a wet piece of 1/16 inch thick asbestos paper and 
allowed to dry before being used. With the nominal 115 volt 
current this provides 165 to 175 watts and will warm the contents 
of the extractor from room temperature to 60° in from 10 to 15 
minutes while the extractor is in operation. If the additional 
heat is not supplied electrically and the heat interchange between 
the carbon tetrachloride droplets and the urine is relied on to 
raise the contents of the extractor to the equilibrium temperature, 
about 1 hour is required to reach the same point. When higher 
boiling solvents are used, it is sometimes desirable to supply a 
continuous but small fraction of the capacity of the heater in 
order to maintain a higher operating equilibrium temperature 
than can be reached by heat interchange. In this event either a 
small fixed resistance unit in series with the winding or an auto- 
transformer will accomplish the desired result. 

Flask and Joint—A somewhat larger ball and socket joint is 
recommended than that previously used. Instead of a 35/20 
joint the larger 35/25 size allows a maximum volume of vapor to 
flow without flooding the condenser. 


Operation 


The volume of urine used may now be varied between reasonable 
limits and almost any of the heavier than water solvents can be 
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used in the extractor. The hole C in the plunger A is set at such 
a point that the sintered glass disk just dips into the urine while 
the extractor is in operation. Trap F prevents vapor from escap- 
ing through the hole in the plunger. 

It is recommended that the extractor be put in operation before 
the heater is started, in order to provide convection currents to 
distribute the heat in the liquid. 
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EFFECTS OF INSULIN UPON THE PRODUCTION OF 
KETONE BODIES 


By MICHAEL SOMOGYI 
(From the Laboratory of the Jewish Hospital of St. Louis, St. Louis) 


(Received for publication, June 23, 1941) 


In 1936 we reported the occurrence of severe ketosis “immedi- 
ately following hypoglycemic shock in insulin-treated diabetics, 
who for some time prior to the insulin shock were well under con- 
trol on diets containing 120 to 250 gm. of carbohydrates with com- 
mensurate doses of insulin” (1). Since 1935, when we first 
observed this causal connection between hypoglycemia and ketosis, 
appreciation of the phenomenon and its proper application in the 
treatment of diabetic patients in our institute have consistently 
produced gratifying clinical results (2). In the light of this ex- 
perience the subject assumed sufficient significance to deserve 
further study. With regard to Claude Bernard’s thesis that patho- 
logical processes differ only quantitatively from normal physiologi- 
cal processes, our observations were extended beyond diabetic 
patients to include normal human subjects and laboratory animals. 
The results of these studies were briefly reported last year in a 
preliminary note (3). 


EXPERIMENTAL 


Analytical Technique—The low concentrations of ketone bodies 
encountered in normal blood made it essential to employ a sensitive 
analytical method, capable of reliably registering changes that may 
be relatively great while small in absolute amount. At the outset 
we used Hubbard’s method (4) as the only micromethod then 
available that was sensitive and accurate, but later we replaced it 
by a simpler technique (5). The errors in both methods lie within 
10 per cent when the amount of acetone derived from the total 
ketone bodies contained in the sample under analysis is not less 
than 0.01 mg. 
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Normal Subjects—Studies on healthy individuals show that in- 
sulin, when injected in quantities sufficient to cause a protracted 
state of hypoglycemia, exerts in succession two opposite effects 
upon ketonemia. When the blood sugar drops below the postab- 
sorptive level, the amount of the ketone bodies diminishes during 
the first few hours; if, however, the hypoglycemic state is main- 
tained long enough, the amount of the ketone bodies begins to in- 


TABLE | 
Initial Depression and Subsequent Rise of Ketonemia in Healthy Subjects 


during Insulin Hypoglycemia 


Change in 


Subject Insulin, | jneulin in: | Blood sugar| Ketone | ketonemia 
soutien initial levels 
units hrs. mg. per cent | mg. per cent per cent 
M. 8., male 12 0 86 1.1 
3 54 0.8 —27 
5 56 1.6 +45 
T. E. W., male 15 0 SO 0.6 
1.5 65 0.6 0 
6 50 1.9 +216 
E. S., male 15 0 77 0.4 
1.5 50 0.4 0 
6 14 0.9 +125 
C. 8., female 12* 0 84 0.4 
1.5 60 0.3 25 
5.5 16 0.8 +100 
| ey fe - 12* 0 8] 0.4 
1.5 61 0.3 25 
5.5 49 0.6 +50 


* 8 units of insulin were injected at the start of the experiment, another 


{ units 1.5 hours later. 


crease and, in time, may rise well above the level shown before the 
insulin injection. 

The phenomenon is illustrated in Table I, which contains the re- 
sults of experiments on five subjects. It may be noted that the 
first phase of the process does not appear in an emphatic form, but 
that in the second phase the ketonemic level increases considerably 
in every case, in one instance to the double, in another to more than 
the 3-fold of the postabsorptive level. 
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It was considered probable that prolongation of the hypogly- 
cemic state beyond the 5.5 and 6 hour periods, used in these ex- 
periments, would cause further increase in ketonemia; reluctant to 
impose this condition on human subjects, we used two dogs in 
experiments in which the hypoglycemic state was extended to 10 
hours. 


TaBLe II 
Changes in Ketonemia during Insulin Hypoglycemia in Normal Dogs 
Each dog received 1 unit of crystalline and 1 unit of protamine insulin 
per kilo of body weight. 





























Time after | Dog 2 Dog 3 
Experiment No. insulin in- | oe 
jection | Blood Blood Blood Blood 
sugar ketone sugar ketone 
hrs. | mg. per cent | mg. per cent | mg. per cent | mg. per cent 
I. 16 hrs. after 0 69 0.6 87 0.4 
last feeding 1.5 | 33 0.4 32 0.3 
pipers eee 0.3 49 0.4 
| 65 | 60 0.6 32 0.7 
Bake ce. 3.1 23 2.8 
| 10 34 4.6 37 2.6 
II. Repetition of | 0 74 0.9 85 0.6 
Experiment 1.5 33 0.8 18 0.5 
I, 3 wks. later 3 54 0.9 43 0.5 
5 72 0.7 66 0.4 
7 54 1.4 27 1.7 
10 35 3.5 21 4.2 
III. Saline substi- 0 82 0.6 88 0.4 
tuted for in- | 5 86 38 86 0.5 
sulin | 10 95 0.4 79 «| «(0.3 











Normal Dogs—Food was withheld from the animals for 14 hours 
before the experiment. After a blood sample was obtained, 2 units 
of insulin per kilo of body weight were injected, 1 unit of crystalline 
insulin intravenously and 1 unit of protamine insulin subcutane- 
ously, the former to produce hypoglycemia as rapidly as possible, 
the latter for the extension of the hypoglycemic state over the pro- 
longed periods of time desired. For 10 hours following the injec- 
tion, blood samples were periodically drawn for the estimation of 
sugar and ketone bodies. 

The results, given in Table II, show that the ketone bodies in 
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the blood just begin to rise after the 5th hour following the injec- 
tion of insulin, the highest ketonemic level appearing after 10 hours 
of continuous hypoglycemia. The rate of the increase during the 
last interval suggests that a further rise might have taken place if 
the hypoglycemic state had been allowed to persist beyond 10 
hours. The first phase of insulin effect upon ketonemia, observed 
in man, is evident also in the dog, showing up after about the same 
length of insulin action as in man. 

To check this finding, 3 weeks later the experiment was repeated 
with the same dogs under identical conditions. As may be seen, 
Experiment II, included in Table II, unfolds the same general pic- 
ture as Experiment I. A further control consisted in the observa- 
tion of the variability of the sugar and ketone body content of the 
blood with all experimental conditions the same as in Experiments 
I and II, except that saline was substituted for insulin. From the 
results (Experiment III, Table II) it is obvious that the changes 
which occurred in the preceding two experiments were directly 
caused by insulin hypoglycemia. 

Comparison of Tables I and II permits the inference that ketone- 
mia during hypoglycemia changes much in the same manner in man 
and dog. This justifies the assumption that extension of the period 
of observation in man beyond 6 hours would lead to a further sub- 
stantial rise of the ketonemic level, similar to that occurring in the 
dog. 

Diabetic Subjects—Disposition to develop ketosis is one of the 
main characteristics of the diabetic condition. It is not surprising, 
then, that the superimposed ketogenic effect of insulin hypogly- 
cemia elicits a much greater response of increased ketonemia in the 
diabetic than in the normal individual. (In fact, it was the con- 
spicuous ketonuric response to insulin hypoglycemia, observed by 
us in 1935 in severely diabetic patients, that directed our attention 
to the problem.) 

With a sensitive micromethod available, we studied recently the 
effect upon ketonemia of clinically unrecognized degrees of insulin 
hypoglycemia. Disinclined to subject patients to protracted hy- 
poglycemic states for the purpose of experimentation, we made our 
observations on subjects who received from their attending physi- 
cians a type of treatment which, we suspected, might lead to hypo- 
glycemia during postabsorptive periods, mainly during the night, 
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without coming to the notice of either physician or patient. We 
have in mind patients receiving substantial single morning doses 
(or sometimes two doses) of protamine insulin, and also many 
patients treated with more than 30 units of unmodified insulin. 
Analysis of blood samples obtained from such patients between 
midnight and breakfast time actually showed the conditions which 


TABLE III 

Increase in Ketonemia Due to Insulin Hypoglycemia in Diabetic Patient 

The patient received 80 gm. of proteins, 50 gm. of fats, 250 gm. of carbo- 
hydrates per day, and 30 units of protamine insulin before breakfast. The 
glucose tolerance test at the foot of the table indicates a mild degree of 
diabetes. When no hypoglycemia occurred during the night, ketonemia 
was normal, while 3 nights later, when hypoglycemia occurred, ketosis 
developed. 





Time | Blood sugar Blood ketone 
1940 mg. per cent mg. per cent 
Apr. 8-9 
11 p.m. 184 0.9 
1 a.m 195 0.8 
a = 126 0.9 
= 88 1.0 
Apr. 11-12 
10 p.m. 168 0.5 
1 a.m. 63 0.6 
-_ 58 
_ 61 6.4 


Glucose tolerance 





Blood sugar, mg. per cent, after ingestion of 100 gm. glucose 


4 hrs. 


O hr. 1 hr. 2 hrs. 3 hrs. 


163 330 410 325 277 
we anticipated: when hypoglycemia (mostly of moderate degrees) 
set in and had persisted for several hours, the ketonemic level in- 
creased appreciably. 

Of numerous observations of this kind, one is presented in Table 
lil. This example was selected because by lucky coincidence we 
intercepted blood samples during a night which passed without 
hypoglycemia, and 3 days later when hypoglycemia did occur dur- 








224 Insulin Effect on Ketone Formation 


ing the night. By comparing the records of the two nights, one 
obtains a clear cut illustration of the causal connection between 
hypoglycemia and ketosis. 

Diabetic Dogs—Observations were made during protracted hypo- 
glycemic states on diabetic dogs. The animals were partially 
(about 90 per cent) depancreatized, and showed but slight gly- 
cosuria during the first few weeks following the operation. They 
were fed exclusively with horse meat (ad libitum) and received no 
insulin injections. Glycosuria gradually increased and in about 2 
months after operation reached 4 to 15 gm. per day; at this time 


TaBLe IV 

Changes in Ketonemia during Insulin Hypoglycemia in Diabetic Dogs 
Dog 4 (weighing 10.5 kilos) received 30 units of crystalline and 10 units 

of protamine insulin. Dog 7 (weighing 11.5 kilos) received 20 units of 
‘rystalline and 10 units of protamine insulin. 





Dog 4 Dog 7 
Time after Time after 

insulin injec- Blood sugar Blood ketone | insulin in- Blood sugar | Blood ketone 
tion jection 
hrs mg. per cent mg. per cent hrs | mg. per cent mg. per cent 
0 308 9.1 0 257 20.3 
2.5 65 1.4 3 4 86| = «(13.3 
5.5 45 1.3 5 46 8.5 
7.5 {8 1.6 7 38 15.0 
9.5 31 8.7 10.5 35 24.9 


12 27 30.4 


ketonuria also set in. Still the animals maintained their initial 
body weight and looked normal in every respect. In this condi- 
tion they were subjected to the experiments. About 14 hours 
after the last food intake, the dogs were made hypoglycemic for 
extensive periods of time by the injection of both unmodified and 
protamine insulin. 

In Table IV are presented the blood sugar and ketone body 
values obtained in two such experiments. Dog 4 was under ob- 
servation for 9.5 hours after the injection of insulin, about 7.5 hours 
in hypoglycemia. As may be seen, the two phases in the changes 
of the ketonemic level, which could be discerned in normal subjects 
and dogs, are much more conspicuous here; the blood ketones first 
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dropped from 9.1 to 1.4 mg. per cent, only to increase again to 8.7 
mg. per cent as the hypoglycemic state persisted. The rather 
steep rise during the last 2 hours suggests that this tendency would 
have continued had the experiment not been interrupted at this 
point. Extension of the period of observation to 12 hours in the 
next experiment with Dog 7 proved this to be so. In this instance 
ketonemia, 12 hours after the injection of insulin (about 10 hours 
of continued hypoglycemia), has risen well above the level it 
showed before the injection of insulin. 
DISCUSSION 

The ketogenic action of insulin hypoglycemia was first observed 
by Collip (6) as early as 1922. He described the occurrence of 
ketone bodies in the urine of normal rabbits in a condition of hypo- 
glycemia following the administration of insulin. Collip’s rather 
vague explanation of the phenomenon is that the injection of “‘in- 
sulin might by lowering the sugar tension of the blood actually 
jeopardize the oxidation of glucose in the tissues.”” Raab (7) in 
1928 reported that 3 to 6 hours after the injection of 16 units or 
more of insulin, normal dogs showed, after a transitory decrease, 
a rise in ketonemia above the basal level. He interpreted his re- 
sults on the basis of Minkowski’s (and Geelmuyden’s) purely specu- 
lative theory of glyconeogenesis from fatty acids, a process in which 
ketone bodies are assumed to appear as intermediary products. 
Changes in ketosis, according to Raab, simply reflect changes in 
the rate of glyconeogenesis. Burn and Ling (8) in 1928 found that 
ketonuria of rats, following frequent insulin injections in the course 
of 2 or 3 days, increased to about 4-fold of the ketonuria cf control 
animals that were kept on an identical diet. In the insulin-treated 
rats they also observed protracted hypoglycemic states and a de- 
crease of the liver glycogen to less than 0.1 per cent before the 
marked rise of ketonuria occurred. Burn and Ling, aware of the 
causal connection between these findings, regarded the ketogenic 
effect of insulin as something that “might have been foretold” on 
the basis of “the previously known facts (a) that insulin reduces 
liver glycogen, and (b) that the amount of ketonuria is inversely 
proportional to the amount of liver glycogen.”’ 

The interpretation offered by Burn and Ling has found addi- 
tional support in recent years in the work of numerous investi- 
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gators. One can now understand changes in the metabolism of 
ketone bodies, which formerly eluded explanation, on the basis of 
the well established facts (1) that the ketone bodies which appear 
in blood and urine originate, as a rule, exclusively in the liver (ex- 
cept, perhaps, in extremely high degrees of ketosis), the amount of 
the ketone bodies showing an inverse relationship to the glycogen 
content of the liver, and (2) that whereas the liver utilizes none (or 
at least no appreciable part) of the ketone bodies which it produces, 
extrahepatic (in the main, muscle) tissues are capable of consuming 
substantial amounts.' It may be postulated, therefore, that, since 
insulin is without effect upon the utilization of ketone bodies 
(16-18), the initial drop and subsequent rise in the ketonemic level 
during insulin hypoglycemia are parallel to, and contingent upon, 
corresponding changes in the rate of production of ketone bodies 
in the liver. 

It can scarcely escape attention that the changes in ketonemia 
observed in our experiments show a conspicuous parallelism to the 
known changes in hepatic glycogenolysis under the same condi- 
tions.2 The first phase of insulin action tends to increase the 
glycogen content of the liver by inhibiting hepatic glycogenolysis, 
while the second phase, which develops after protracted hypogly- 
cemic states, tends to deplete the hepatic glycogen stores by en- 
hancing glycogenolysis. Correspondingly, in line with the thesis 
of the inverse relationship between the glycogen content of the liver 
and the rate of ketone formation, the ketonemic level declines in 
the first and increases in the second phase. 


SUMMARY 


Insulin exerts two opposite effects upon the ketonemic level: for 
some time after injection it causes a decrease, but after protracted 
states of hypoglycemia it effects a rise. Both of these insulin ef- 
fects occur in normal as well as in diabetic men and animals, but 
appear in the diabetic on a magnified scale. 

' The discovery of these facts grew out of perfusion studies of liver and 
other organs by Embden and his collaborators. Subsequently other 
workers, employing improved analytical methods and a wide variety of 
experimental approaches, concurred without exception with Embden’s 
conclusions (9-15). 

? For a discussion and bibliography of the subject the reader is referred 
to Cori’s review ((19) pp. 152-154, 201). 
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The two phase effect of insulin upon the rate of formation of 
ketone bodies in the liver closely parallels the effect of insulin upon 
the rate of hepatic glycogenolysis: in the first phase glycogenolysis 
is inhibited and, with it, the rate of ketone formation decreases, 
while after persistence of hypoglycemic states for some time, gly- 
cogenolysis is stimulated and, with it, the rate of ketone formation 


increases. 
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THE ULTRAVIOLET ABSORPTION SPECTRUM OF 
CRYSTALLINE RIBONUCLEASE 


By FRED M. UBER anv VICTOR R. ELLS 


(From the Biophysical Laboratory of the Department of Physics, University 
of Missouri, Columbia) 


(Received for publication, July 14, 1941) 


The ultraviolet absorption spectrum of ribonuclease, recently 
crystallized by Kunitz (1), has been determined and found to 
resemble that of other protein enzymes. The sample of crystalline 
ribonuclease was prepared and kindly furnished by Dr. M. Kunitz. 
It had been crystallized three times in ammonium sulfate and 
three times in alcohol. According to our determination by the 
micro-Kjeldahl method, it had a total nitrogen content of 13.28 
per cent (average of 13.50 and 13.05 per cent). 
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Fig. 1. The ultraviolet absorption spectrum of crystalline ribonuclease 





The absorption determinations were made on a solution con- 
taining 1.89 mg. of the original crystalline sample per cc. of dis- 
tilled water. On the basis of a molecular weight of 15,000 and a 
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nitrogen content of 16.1 per cent for pure ribonuclease (1), this 
gave a concentration of 1.04 K 10-* M. 

The absorption curve, as measured with a Hilger Spekker 
photometer and tungsten steel spark source, is shown in Fig. 1. 
The molecular extinction coefficient, ¢, is defined by the equation 
e = (1/ced) logyo (1o/Z) where c is the molar concentration and d is 
the length of the absorbing solution inem. A maximum value of 
e of 11,540 occurs near 2800 A., and a minimum of 6160 occurs at 
2520 A. Almost identical values were obtained for solutions in 
phosphate buffer at pH 4.5 and in borate buffer at pH 2.5. 

In the absence of tryptophane, already shown by Kunitz (1), 
the wave-length position and magnitude of the absorption max- 
imum are to be ascribed to the tyrosine content (cf. (2)). Accord- 
ing to our calculations, based on the chemical analysis by Kunitz 
(1) of the tyrosine equivalent of ribonuclease, there should be 
twelve tyrosine residues per molecule. Unfortunately there are 
several conflicting values of €n,x. reported for tyrosine, but if one 
accepts Holiday’s (2) value of 1240 as the best under the cir- 
cumstances, then the spectrophotometrie evidence indicates nine 
to ten tyrosine residues per molecule. In view of the several 
assumptions and sources of error involved, better agreement would 
not be expected. 
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A PHOTOCHEMICAL YIELD FOR THE INACTIVATION OF 
CRYSTALLINE TRYPSIN 


By FRED M. UBER anp A. D. McLAREN 


(From the Biophysical Laboratory of the Department of Physics, University 
of Missouri, Columbia) 


(Received for publication, July 18, 1941) 


That enzymes can be inactivated by exposure to ultraviolet 
light has been demonstrated qualitatively by a number of in- 
vestigators (1), but very few experiments have been conducted 
under conditions which permitted a calculation of the number of 
molecules inactivated per quantum of radiation absorbed. Ob- 
viously data of the latter type can be secured only for pure enzymes 
whose molecular weight is known. Quantum yields (molecules 
inactivated per quantum absorbed) as a function of wave-length 
for the inactivation of crystalline urease have been determined 
by Landen ((2), ef. (3)), and yields for pepsin can be calculated 
from the data of Gates ((4), ef. (2)). The very low yields (around 
0.001) obtained for urease and pepsin did not permit any definite 
conclusions regarding the structure of these two protein molecules 
or the mechanism of their photochemical inactivation. 

With the hope of securing more detailed information under 
varied experimental conditions, and possibly higher quantum 
yields, it was considered desirable to extend this type of investi- 
gation to other enzymes. Trypsin has been selected for this 
purpose because it was known to consist of a single molecular 
species and because several synthetic substrates for it had been 
prepared by Bergmann and his coworkers (5). 

The present paper reports the absorption spectrum of crystalline 
trypsin as well as quantum yields for its inactivation at \ 2537 
and 2804 A.; the yields are based on its loss of ability to release 
COOH groups in a-benzoyl-l-arginineamide hydrochloride. 
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EXPERIMENTAL 


Absorption Spectra—As far as the writers are aware, no absorp- 
tion spectrum for crystalline trypsin has previously been pub- 
lished. From its known protein nature and its content of aromatic 
amino acids, one would predict its spectrum to resemble that of 
pepsin. The absorption curve shown in Fig, 1 indicates this to be 
true, with the maximum value of the molecular extinction co- 
efficient (€mx.) for trypsin occurring at the same wave-length as 
for pepsin. For trypsin, émax. is equal to 50,000, while the cor- 
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Fic. 1. The ultraviolet absorption spectrum of crystalline trypsin 





responding value for pepsin interpolated from the curve of Gates 
(6) lies in the neighborhood of 60,000. Likewise the minima 
occur at the same wave-length position, but é€min. for trypsin is 
29,000, while for pepsin Gates obtained a value between 20,000 
and 25,000. 

The absorption measurements were made in the University of 
Missouri Spectrographic Laboratory by Dr. V. R. Ells. A Hilger 
medium quartz spectrograph and Spekker photometer, together 
with 1 em. absorption cells and a tungsten steel spark source, 
were employed. 

The sample of crystalline trypsin, which had been precipitated 
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with MgSO,, was kindly furnished by Dr. M. Kunitz. For the 
molecular extinction coefficient, where « = (1/cd) logio (Io/J), 
the molecular weight was taken as 36,500 (7). The concentration 
is expressed in moles per liter and is based on a determination of 
the total nitrogen in the sample, with the value of Northrop (8) 
for the N content (15.0 per cent) of pure crystalline trypsin. 
The spectrum was obtained with a 2.52 X 10-° M solution of tryp- 
sin in M/15 KH2PO, buffer (pH 4.5). 

An analysis of the crystalline trypsin sample showed that it 
contained 65.7 per cent trypsin (corresponding to a value of 
9.86 per cent found for total nitrogen), 17.0 per cent SQ,, 4.4 per 
cent Mg (spectroscopic), and 0.02 per cent Ca (spectroscopic). 
The rest was considered to be water of crystallization. 

Determinations of absorption spectra for irradiated solutions of 
trypsin in phosphate buffer revealed only slight increases in the 
extinction coefficient at the end of 30 minutes irradiation, at 
which time the activity was reduced to 62 per cent. é€max, increased 
4 per cent and ¢,in. 6 per cent during this period. This behavior 
also parallels rather closely the pepsin data of Gates (4), who used 
the total radiation from a mercury arc; in our case only the wave- 
length 2537 A. was employed. 

Activity Determinalions—An approximately 2.52 xX 10-5 m 
trypsin solution was made up fresh for each series of trials in 
u/15 phosphate buffer at pH 4.5. An 0.8 ce. sample was ir- 
radiated, the monochromator being used. The substrate em- 
ployed with the trypsin was a-benzoyl-l-arginineamide hydrochlo- 
ride (5) which was kindly furnished by Dr. Max Bergmann. A 
0.0383 m solution of the substrate was made up in M/15 phosphate 
buffer to which sufficient NaOH was added to give a pH of 11.4. 
Following irradiation, 0.5 ee. of the exposed trypsin solution was 
added to 0.5 ce. of the above substrate, giving a resultant pH of 
7.3. The mixture was then incubated for 13 hours at 40°. 

The titration of the carboxyl groups liberated was carried out 
by a modification of the method due to Grassmann and Heyde 
(9). It was necessary to make a determination on a blank as well 
as on the irradiated and control solutions which were incubated. 
The blank solution was prepared as follows: To 0.5 ec. of un- 
exposed trypsin solution and 0.5 ce. of the same substrate solution 
were added 1 drop of 0.1 per cent alcoholic thymolphthalein and 
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just enough 0.2 n NaOH to give a faint blue color. Thus the solu- 
tion was at once brought to approximately pH 10, which resulted 
in the loss of tryptic activity. 

The titration of the blank was carried out as follows: To 0.2 
ec. of the given mixture were added 2 more drops of the same 
indicator, plus 1.8 cc. of absolute alcohol. The mixture was then 
titrated with 90 per cent alcoholic 0.01 nN KOH until the depth 
of blue produced was equal to that of a Cu(NHs),.** standard 
(0.0025 m CuCl, + excess NH,OH) containing a small amount 
of BaSO,. The BaSO, was added to give the standard a tur- 
bidity comparable to that resulting from precipitation of the 
trypsin in the titration mixture. The number of cc. of 0.01 n 
KOH required was taken as the value of the blank. 

To a control made up of 0.5 cc. of unexposed trypsin solution 
and 0.5 ec. of substrate, and incubated for 14 hours at 40°, was 
added the same amount of 0.2 nN NaOH as was required by the 
blank, plus 1 drop of the indicator. The irradiated samples were 
treated in the same manner. Then 0.2 cc. samples from each were 
titrated in the same manner as the blank. The fraction of the 
original trypsin activity remaining after irradiation was found by 
taking the ratio of the number of cc. of 0.01 nN KOH required for 
the irradiated sample and the control, respectively, after having 
made a correction for the blank. 

Irradiation—The source of ultraviolet radiation was a water- 
cooled capillary mercury arc, operating at atmospheric pressure, 
in conjunction with a crystal quartz monochromator (cf. (2)) 
The exit slit had an area of 10.08 sq. mm. The rectangular ir- 
radiation cell was 4 mm. wide, 40 mm. tall, and had a path length 
in the direction of the incident radiation of 1.0 em. At \ 2537 A., 
0.744 of the incident energy was absorbed by trypsin molecules 
at the concentration used; at \ 2804 A 0.846 of the radiation was 
absorbed by the trypsin. The volume of the irradiated solution 
was 0.8 cc.; during treatment, it was stirred continuously with 
a quartz rod. 

The number of ultraviolet quanta absorbed per cc. of solution 
by active trypsin molecules ‘is given by the product of the fol- 
lowing factors: (exposure per unit volume) (average galvanometer 
deflection) (quanta per erg) (fraction of energy absorbed) (1074) 
(correction factor). The correction factor takes into account the 
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decreasing fraction of the total energy which is absorbed by 
active trypsin as the irradiation treatment progresses. The 
number 1074 represents the energy incident on the irradiation cell 
in ergs per sq. cm. per minute per cm. galvanometer deflection. 


TABLE | 
Quantum Yield Determinations at d £687 A. for Inactivation of Trypsin 











| | prey | 
Trypsin _| Inactiva- | taanercaet Exposure | Ly mn | Correction | Ri 3 
tion tion = .% time | tion during | factor ox 
interval | | 
mg.* perce.| percent | min = = 
1.39 29.8 4.52 . 117. 6 # 0.85 | 0.017 
1.43} 25.9 4.04 20 | 114.1 0.86 | 0.012 
1.43) 16.0 2.50 2 | 74.8 | 0.93 | 0.014 
1.43) 27.4 4.27 20 116.1 | 0.86 | 0.016 
1.43) 35.0 5.46 20 | 110.2 | 0.81 | 0.023 
1.42) 21.8 3.38 20 | 115.8 | 0.89 0.013 
1.42) 36.2 5.61 20 | 9.5 | 0.81 | 0.028 
1.42) 30.8 4.77 20 | 77.2 | 0.84 | 0.028 
1.41) 32.2 4.95 20 | 143.0 | 0.83 | 0.016 
1.41} 24.5 3.68 20 114.5 | 0.87 | 0.014 
1.41) 27.8 4.28 2606 | «674.6 | «(0.85 =| 0.020 
1.39 20.0 3.03 20 103.2 0.90 | 0.012 
1.39) 22.8 3.46 24 97.5 | 0.88 0.013 
1.39/ 23.0 3.49 24 «6| «690.6 =| «(0.88 =| «(0.014 
1.39) 21.5 3.26 24 = 84.5 | C0.89 S| (0.014 
1.40 29.2 4.46 24 04.4 | 0.88 | 0.017 
1.40, 20.0 3.05 30 70.3 0.90 | 0.012 
1.39} 53.5 8.11 26 128.2 | 0.69 0.027 
1.39) 15.1 6.84 20 124.8 0.75 0.028 
1.39, 20.5 3.1] 20 115.1 0.90 0.011 
Average | 0. 017 


+0. 001 


* Weight of original sample, uncorrected for true trypsin ountinl (65. 7 
per cent) 


DISCUSSION 


The individual determinations of the number of molecules of 
trypsin inactivated per quantum of radiation absorbed are tabu- 
lated in Tables I and II for the wave-lengths 2537 and 2804 A ; 
respectively. At 2537 A. the average of twenty separate deter- 
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minations gives a value of 0.017; at 2804 A., the average of four- 
teen trials is 0.016. Thus no difference in yield with wave-length 
is indicated in this region. 

From the fact that the concentration of active trypsin decreases 
exponentially with time of irradiation (cf. (4)) it is concluded 
that a molecule of the enzyme must be inactivated by the absorp- 


TaBLe Il 
(Quantum Yield Determinations at 2804 A. for Inactivation of Trypsin 


Average 


~_ , Molecules , 
concuntra- | Inactive | inactivated | Exposure | ter deflec- | Correction | snotecule 
tion units of 10% oe Sore per quantum 
mg.* per cc. per cent min. em. 
1.39) 38.3 | 5.81 40 72.9 0.79 0.015 
1.39, | 35.3 | 5.35 40 68.1 | 0.81 0.015 
1. 39) 32.1 | 4.87 40 66.6 0.83 0.014 
1.39) 34.1 5.17 40 64.8 0.82 0.015 
1.39) 32.0 | 4.85 24 105.8 | 0.83 | 0.014 
1.39} 30.9 | 4.68 24 103.5 | 0.84 0.014 
l. 39) 29.3 4.44 24 104.1 | 0.85 0.013 
1.44) 25.3 3.97 24 101.7 | 0.87 0.012 
1.44) 35.4 5.56 24 92.4 0.81 0.019 
1.40\ 46.8 7.15 40.2 81.5 0.74 0.019 
1.40 37.6 5.74 40 64.9 | 0.80 0.017 
1.40) 40.3 6.15 25 100.6 0.78 0.019 
1 .40/ 36.2 5.53 30 95.5 0.81 0.015 
1.40) 46.2 7.05 30 92.6 0.75 0.020 
Average 0.016 


+0.0005 


* Weight of original sample, uncorrected for true trypsin content (65{7 
per cent). 


tion of a single ultraviolet quantum. On the average, however, 
only 1 quantum out of 60 is thus effective. Since these quanta 
are absorbed by the aromatic amino acid residues, of which there 
are probably about twenty in the trypsin molecule, the question 
arises as to whether some particular aromatic residue must ab- 
sorb a quantum to produce inactivation of the molecule (with a 
vield of around one-third for that residue) or whether any aromatic 
group may do so, but with a yield of about one-sixtieth. It is 
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also conceivable that there may be several regions within a single 
molecule possessing enzymatic activity. A continuation of this 
study with other substrates is expected to help answer these 
questions. 


SUMMARY 


The ultraviolet absorption spectrum of crystalline trypsin has 
been determined and found to have a maximum (e = 50,000) near 
2800 A., like numerous other proteins. 

The number of trypsin molecules inactivated per quantum of 
radiation absorbed at 2537 and 2804 A. are 0.017 and 0.016, 
respectively, where inactivation is defined as the loss of ability 
to liberate carboxyl groups in a-benzoyl-l-arginineamide hydro- 
chloride. 
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CHEMICAL STUDIES OF BULL SPERMATOZOA. THE 
METHIONINE CONTENT OF WHOLE SPERMATOZOA 
AND OF THE PARTS OBTAINED BY PHYSICAL MEANS* 


By CHARLES A. ZITTLE anp ROBERT A. O’DELL 


(From the Department of Bacteriology, School of Medicine, University of 
Pennsylvania, Philadelphia) 


(Received for publication, July 14, 1941) 


Previous studies (1, 2) with bull sperm have shown that over 
two-thirds of the 1.6 per cent sulfur present is accounted for as 
cystine plus cysteine. Studies with the fractions obtained after 
sonic treatment have given results of the same magnitude. In an 
attempt to account for the remaining sulfur the determination of 
the sulfur-containing amino acid, methionine, was carried out by 
the Baernstein hydriodic acid-hydrolysis procedure (3, 4). The 
methionine content has been calculated from the methyl iodide 
liberated and the homocysteine formed. Further, the cystine has 
been determined iodometrically for comparison with the previously 
reported values (1, 2). The method has been made more trust- 
worthy by using the observation that hypophosphite, used to 
prevent oxidation of the hydriodic acid, does not react with iodine 
at 0° during the cysteine titration. 


EXPERIMENTAL 


The Kassell and Brand (5) modification of the Baernstein (3, 4) 
procedure was used. The apparatus' and the procedure were 
similar to those used by Kassell and Brand. However, we found a 


* This work has been aided by a grant from the National Committee on 
Maternal Health, Inc. ¥ 

1 Loose, glass wool plugs were used in the bottom of the inlet tubes in the 
train to aid in dispersing the vapors and permit more even regulation of 
flow. Care was taken to avoid leaks caused by the slight back pressure. 
Careful grinding of the joint between the digestion flask and the condenser 
was necessary. 
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small flame more satisfactory for the heating than an oil bath 
kept at 150°, since low results were obtained with the latter. The 
flame was adjusted to insure gentle boiling and to maintain re- 
fluxing at about the middle of the condenser.’ 

We found that the potassium hypophosphite added to preserve 
the HI was not always completely destroyed during the hydrolysis. 
The uptake of iodine by the undestroyed hypophosphite (6) causes 
high cysteine values. Some workers (4, 5) have concluded that 
the hypophosphite is completely destroyed; others add only small 
amounts as needed (7) or evaporate to dryness repeatedly (8) to 
insure decomposition. Although the hypophosphite is usually 
destroyed at the temperature obtained with the flame, we have 
found a simple expedient that prevents the interference of hypo- 
phosphite in the cysteine titration and so for this reason its com- 
plete destruction is not important. The titration was carried out 
at 0°, a temperature at which we have observed that hypophosphite 
does not react with the iodine but at which the iodometric titration 
of the cysteine proceeds smoothly and quantitatively. A separate 
experiment showed that at 56° 0.13 gm. of KH.PO:, equivalent to 
12.5 ce. of a 0.1 M solution, was required to discharge the iodine 
color from 5 ec. of 0.1 N acid potassium iodate after treatment with 
excess KI and acidification with HC], whereas at 29° 2.0 gm. were 
required, and at 0° even a large excess did not discharge the color. 
It is therefore recommended that the digest be cooled to 0° be- 
fore the iodate is added and kept at this temperature during the 
titration with thiosulfate.‘ 


2 Once during the subsequent concentration of the digest over an open 
flame, an explosion occurred which shattered the digestion flask. A shield 
is recommended for this part of the procedure. Others (6) have noted ex- 
plosions when a solution of sodium hypophosphite was evaporated on a 
water bath. 

* This procedure was used initially because it is known (9) that the con- 
ditions (concentration of iodide, excess of iodine, temperature, etc.) for the 
iodometric titration of cysteine are not as critical when the titration is made 
atO0’. 

‘The homocysteine titrations gave identical values whether made at 
room temperature or at 0°. Presumably the hypophosphite had been de- 
stroyed by previous manipulation or did not take part in the reaction under 
these conditions. 
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Results 


When the procedure was performed with 3 to 10 mg. samples 
of methionine,® the average recovery of the volatile iodide was 88.5 
per cent and of homocysteine was 86.2 per cent. Accordingly, 
the methionine values in Table I have been corrected by the fac- 
tors 1.13 and 1.16, respectively. Kassell and Brand (5) who have 
used factors of 1.07 and 1.12, respectively, have given a discussion 
of the causes of incomplete recovery. Several determinations of the 


TABLE | 


Comparison of Sulfur Data for Bull Spermatozoa and Parts Obtained by 
Physical Means* 











Total 

Methionine, | Methionine,| Cystine, Total sulfur 
Fraction volatile homo- iodo- Cystine§ if i ac- 

| iodidet cysteinet metric ates wa 
| or 

niall | per cent per cent per cent per cent percent |per cenit 
Whole sperm 1.92+0.1) 1.76+0.1) 3.8+0.2) 4.140.1) 1.640.1) 94 
Heads... 1.01 1.01 4.1 4.0 1.6 81 
Midpieces | 2.25 2.24 4.5 4.4 1.8 94 
Tails | 3.4 4.1 2.4 3.3 1.5 112 


























. All samples were m: made lipid-free and dried by the use of acetone 
followed by petroleum ether (2). The data are not corrected for the ash 
content of the samples. 

t Corrected by the factor 1.13. 
nine. 

t Corrected by the factor 1.16. 

§ Previously reported data. The cystine values were obtained by using 
cuprous oxide to reduce and precipitate the cystine; then the sulfur content 
of the resulting mercaptide was determined gravimetrically or its cystine 
content by the Sullivan colorimetric method (1, 2). Cystine sulfur = 
0.267 X cystine. 

|| Previously reported data. The sample was oxidized in a Parr bomb 
and the sulfur determined gravimetrically as barium sulfate (2). 


Methionine sulfur = 0.215 X methio- 


methionine and cystine in purified casein (Harris) have given re- 
ported values (4, 5). Methionine, added to both casein and whole 
sperm, has been accounted for quantitatively. 
The methionine values, calculated from the volatile iodide and 
homocysteine, and the iodometric cystine values are summarized 
*dl-Methionine (Hoffmann-La Roche) purified according to Barger and 
Weichselbaum (10), which gave theoretical sulfur and nitrogen contents. 
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in Table I, and compared with the cystine and total sulfur values 
previously determined. 


DISCUSSION 


The cystine® values obtained by the Baernstein method (Table 
[) confirm those previously reported (2) with the exception of the 
value found for the tails. A comparison of the methionine data 
calculated from the methyl iodide and the homocysteine shows 
that in general a good agreement was obtained. The reason for the 
disagreement between the two methionine values for the tails is 
not known. It was also found that in the case of the tails, the 
sum of the average methionine sulfur and cystine sulfur values is 
greater than the total sulfur content obtained by direct determina- 
tion. This indicates that the lower of the two methionine values 
for the tails is the more correct one. The sperm heads contain 
large amounts of thymus type nucleic acid (2). However, the 
methylated pyrimidine, thymine, present in this type of nucleic 
acid, is not likely to be demethylated during the hydrolysis with 
HI, since the methyl group is bound to carbon. The close agree- 
ment of the methyl iodide and the homocysteine values shows that 
demethylation of the thymine did not occur. Although the sulfur 
accounted for in the heads is apparently only 81 per cent of the 
total, the difference is close to the maximum accumulated error of 
the values used in the calculation and does not necessarily indicate 
that sulfur compounds, other than those determined, are present. 
A variation of the cystine sulfur to methionine sulfur ratio from 
1.09 in the tails to 4.87 in the heads indicates that more than one 
sulfur-containing protein is the source of the sulfur. 

The hydrolysates of the sperm samples were clear but a trace 
of humin appeared as a small viscous drop on the surface of the 
hydrolysate. Lugg (7) had observed humin in HI hydrolysates 
of plant proteins. The amount of humin was not sufficient for a 
sulfur analysis; but the loss of sulfur, if any, in this amount of ma- 
terial must have been small. 


6 Cystine and cysteine were not distinguished by the methods used. We 
have used the word cystine to include both for brevity and because nitro- 
prusside tests had shown the preponderance of cystine over cysteine. 
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SUMMARY 


The Baernstein method was used to determine methionine and 
cystine in bull sperm and the fractions obtained after sonic disin- 
tegration. 1.92 per cent methionine was found in the whole sperm 
and a range of 1.01 to 3.8 per cent in the parts. The cystine deter- 
minations confirmed previous results obtained by other means. 
Most of the total sulfur was accounted for by these amino acids. 
The determination of cystine by the Baernstein method has been 
made more trustworthy by performing the titration of cysteine at 
0°, a temperature at which any undestroyed hypophosphite, used 
to preserve the HI, was unreactive. 
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GLYCOLYSIS AND PHOSPHORYLATION IN BRAIN 
EXTRACTS* 


By SEVERO OCHOA 


(From the Department of Pharmacology, Washington University School of 
Medicine, St. Louis) 


(Received for publication, July 3, 1941) 


Geiger (1) reported that cell-free brain extracts, when highly 
diluted, will form large amounts of lactic acid from added glucose 
or fructose, but hardly any from hexose monophosphate or hexose 
diphosphate, and concluded that the above esters are not normal 
intermediaries of brain glycolysis. His results were the more 
surprising as glycolysis of the sugars led to accumulation of phos- 
phate esters and required all the coenzymes which are known to be 
active in so called phosphorylating glycolysis. 

Upon repetition of Geiger’s experiments it was found that dilute 
rat brain extracts will form lactic acid from either hexose mono- 
phosphate or hexose diphosphate,! at the same rate as from glucose 
or even faster. Per 1 gm. of fresh brain, 30 to 40 mg. of lactie acid 
are formed in 90 minutes from either glucose or the hexose phos- 
phates. 

EXPERIMENTAL 

The extracts were prepared by grinding | part of brain with 4 
parts of ice-cold distilled water and centrifuging off the solid 
residue. To 0.2 cc. of the fresh, undialyzed, extract (equivalent 
to 40 mg. of brain) the following substances were added so that 
their final concentrations were as indicated: 0.008 m Mg** (as 
MgCl,), 0.01 mM phosphate buffer, pH 7.3, 0.024 m sodium bicarbo- 
nate, 0.0007 mM adenosine triphosphate, and 0.0005 m cozymase. 
After addition of the substrate or substrates, the volume was 


* This work was supported by a research grant from the Rockefeller 


Foundation. 
' The esters were prepared in this laboratory by enzymic methods and 


identified in the usual way. They were used as sodium salts. 
245 
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brought to 2.0 ce. and the mixtures were incubated at 38° with 95 
per cent nitrogen and 5 per cent carbon dioxide in the gas phase. 
Glycolysis was measured either manometrically or by chemical 
estimation of lactic acid (2). A typical manometric experiment is 
illustrated in Fig. 1. The figures are averages of two experiments 
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Fig. 1. Glycolysis in rat brain extract; manometric measurement of acid 
production. Curve 1, nosubstrate; Curve 2, 0.028 m glucose (no cozymase); 
Curve 3, 0.014 m glucose; Curve 4, 0.028 m glucose; Curve 5, 0.010 m hexose 
diphosphate; Curve 6, 0.010 m hexose diphosphate plus 0.030 m creatine; 
Curve 7, 0.014 m hexose monophosphate. 


in which corresponding samples gave results differing by no more 
than 10 per cent. In the experiment reproduced in Table I lactic 
acid production was determined both manometrically and chemi- 
cally. The figures for lactic acid calculated from the manometric 
data have been corrected for changes in reaction due to formation 
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or breakdown of hexosephosphoric esters? but not for the reten- 
tion of CO, by the enzyme mixtures; so that they are a little lower 
than the figures secured by chemical estimation; considering this 
the agreement is fairly satisfactory. The changes in directly de- 
termined phosphate (inorganic + phosphocreatine P) indicate that 
the substrates react according to the following equations. 


2 hexose + 2H;PO, = 2 lactic acid + 1 hexose diphosphate 
2 hexose monophosphate = 2 lactic acid + 1 hexose diphosphate 
1 hexose diphosphate = 2 lactic acid + 2H;PO, 


Both Fig. 1 and Table I show that, although addition of a phos- 
phate acceptor is not indispensable for glycolysis of hexose di- 


TABLE | 


Glycolysis in Rat Brain Extract* 











Lactic acid formed 
aneate | Determined | determined P 
metrically chemically 
mg. mg. mg. 
None 0.15 0.19 
Glucose (0.028 m) 1.22 1.58 —0.36 
Hexose monophosphate (0.010 m) 1.17 1.38 +0.03 
diphosphate (0.017 m) 1.15 1.20 +0.35 
‘i (0.017 m) + 





creatine (0.030 m) 1.34 1.54 +0.41 


* Incubated 90 minutes. 


phosphate, the rate of lactic acid formation is increased on addition 
of creatine. Glycolysis does occur without the addition of a 
phosphate acceptor because one (adenosine diphosphate or adenylic 
acid) is provided by breakdown of the added adenosine triphos- 
phate through the activity of the adenosine triphosphatase present 
in the extracts. 

Dismutation between triose phosphate (formed from hexose di- 
phosphate) and pyruvie acid also takes place rapidly in dilute 
brain extracts, as shown in Table II. The experiments were car- 
ried out in the presence of sodium fluoride to prevent phospho- 

* At pH 7, 0.25 equivalent of acid disappears per | molecule of phosphate 
set free from hexose phosphate. 
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glyceric acid from reacting further. Lactic acid was determined 
chemically. On addition of a phosphate acceptor, whether crea- 
tine or glucose, the reaction is accelerated and inorganic phosphate 
is esterified with formation of either phosphocreatine or hexose 
diphosphate. The evidence for this is that, relative to the amount 


TaBLe II 


Dismutation between Triose Phosphate and Pyruvic Acid in Rat Brain 
Extract 


Substrates, 0.01 m hexose diphosphate and 0.04 m pyruvic acid. P 
acceptors, 0.028 m glucose or 0.02 m creatine; 0.04 m NaF’; 0.0007 m adenosine 
triphosphate. 

Pyruvic acid was determined by the method of Clift and Cook (3) under 
correction for the triose phosphate present. The sum of triose phosphate 
and hexose diphosphate is given approximately by the orthophosphate 
liberated on hydrolysis in 1.0 n H,SO, at 100° for 180 minutes; phospho- 
glyceric acid by the difference between total acid-soluble P and the 180 
minute hydrolysis value. 


| 
| 
P changes 





> Pyruviec pa : 
Experi- | Incu- ee ‘ Lactic | *? j Triose 
nent bation yon my acid = Phos- »hos- Phos- 
No. period — formed - as Inor- - | phate + pho- 
[oo | onl [a tis _| hexose | glyceric 
| | | Creatine | diphos- acid 
| aia 
— a, — Rie a a, Sa 
min. mg. mg. mg. mg. mg. mg. 
1 70 | None 0.69 | 0.58] 0.00 | —0.17) +0.17 
| 70) Creatine | 1.06 | 1.02 | | | —0.30) +0.30 
70 Glucose 56 1.50 |—0.42 | —0.20) +-0.62 
2 60 None 0.61 0.41 |+0.04 | —0.17} +0.13 
60 | Creatine 22 | 1.24 |—0.284] +0 27} —0.36) +0.37 
135 Glucose* 1.13 | 0.83 | 0.00 | —0.50) +0.30 
135 Glucose 1.81 1.53 0.29 0 24) +0.53 


| 


* No adenosine triphosphate added. 
t True inorganic P, precipitated with magnesia mixture. 


of triose phosphate plus hexose diphosphate that disappears, more 
phosphoglyceric acid is formed when glucose is added. The ester- 
ification of inorganic phosphate does not occur in the absence of 
added adenosine triphosphate (Table II, Experiment 2). Demon- 
stration of esterification of glucose in this reaction is of some 
interest, since Meyerhof (4) was unable to obtain it with rabbit 
brain extracts although he observed esterification of creatine. 
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Geiger (1, 5) had found that more concentrated brain extracts 
had little or no glycolytic activity owing to the presence of a 
thermolabile inhibitor. This has been confirmed; with 1.0 ce. of 
extract in a volume of 1.5 to 2.0 ce. the glycolytic activity was 
negligible in all cases. The necessity of cozymase for glycolysis in 
dilute undialyzed brain extracts (1) has also been confirmed (ef. 
Fig. 1). 

The presence in brain of hexokinase (6), an enzyme which trans- 
fers the labile phosphate of adenosine triphosphate to hexoses, 


TaB_e III 


Hexokinase in Pigeon Brain Extract 














P 
Experiment oe. NaF Incubation Labile P 
No. en Inorganic of —— 
phate* 
min, mg. mg. 
l 0 0 Initial 0.06 0.24 
0 0 15 0.21 0.09 
7 0 15 / 0.20 0.06 
0 | + | Initial 0.06 0.24 
0 | + | 1 | 0.08 0.22 
+ + 15 | 0.07 0.16 
2 0 + Initial | 0.08 0.33 
0 + 15 0.10 0.31 
ao | + 15 0.08 0.26 





* Difference between P liberated during 10 minutes hydrolysis in 1.0 
nv H,SO, and inorganic P. 





has now been demonstrated in a more satisfactory manner than 
had hitherto been possible (1, 7), by using an acetone powder of 
brain. Adenosine triphosphatase is partly inactivated by the 
acetone treatment and can then be completely inhibited with 
fluoride. The brain was ground with 10 volumes of ice-cold ace- 
tone and the mixture was filtered with suction; the brain residue 
was repeatedly washed with ice-cold acetone and dried in vacuo 
over H.SO,. 1 part of dry powder was extracted with 20 parts of 
water and the insoluble material was centrifuged off; 0.3 ec. of the 
extract was made up to 1.0 ec. with 0.015 m veronal buffer, pH 
7.5, 0.004 M magnesium chloride, and 0.004 or 0.005 m adenosine 
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triphosphate, with or without 0.028 m glucose and 0.04 m sodium 
fluoride; the mixtures were then incubated in air at 30°. Table III 
shows that, without fluoride, added adenosine triphosphate is 
mainly dephosphorylated by adenosine triphosphatase, but that 
with fluoride it transfers phosphate to glucose. This is indicated 
by the decrease in phosphate hydrolyzed in 10 minutes by normal 
acid at 100° (labile phosphate of adenosine triphosphate) with no 
change in the concentration of inorganic phosphate when fluoride 
is present. 

It has been previously reported (7, 8) that phosphorylation of 
glucose or of hexose monophosphate to hexose diphosphate in 
brain dispersions can be “coupled”’ with oxidation of pyruvic acid. 
Attempts to demonstrate a coupling with dismutation between 
triose phosphate and pyruvic acid were unsuccessful because the 
relatively concentrated brain dispersions failed to catalyze the dis- 
mutation to a significant extent. It had also been observed that 
the brain dispersions oxidized glucose or hexose diphosphate at a 
much lower rate than pyruvic acid. These results must now be 
attributed to the presence of Geiger’s inhibitor in the enzyme prepa- 
rations. Evidence for phosphate transfer from phosphoglyceric 
acid to adenylic acid (via phosphopyruvie acid) in brain extracts 
has been presented in previous papers (7, 9). 

In conclusion it can be said that sugar breakdown in cell-free 
preparations of brain occurs after phosphorylation to hexose 
diphosphate by the same reactions as in similar preparations of 
muscle, retina, and other tissues. Whether free hexoses rather 
than glycogen are attacked would seem to depend on the relative 
proportions of hexokinase and phosphorylase (10) present in, or 
extracted from, the tissues. Recent evidence (11) which indicates 
the occurrence of phosphorylating glycolysis in brain slices is of 
interest in this connection. 


SUMMARY 


In the presence of magnesium ions, inorganic phosphate, ade- 
nosine triphosphate, and cozymase, dilute rat brain extracts form 
lactic acid at a high rate from added glucose, hexose monophos- 
phate, or hexose diphosphate. Dismutation between triose phos- 


* Ochoa, unpublished observations. 
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phate and pyruvic acid is markedly accelerated in the presence of a 
phosphate acceptor such as creatine or glucose; in this case inor- 
ganic phosphate is esterified with formation of either phospho- 
creatine or hexose diphosphate. In aqueous extracts of dry ace- 
tone powders of brain, adenosine triphosphatase is completely 
inhibited by fluoride and the labile phosphate of adenosine tri- 
phosphate is transferred to glucose without liberation of inorganic 
phosphate (hexokinase reaction). The implications of these facts 
are discussed. 
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In an earlier communication (1) the chromic acid oxidation of 
cevine was reported and the isolation of a crystalline product de- 
scribed which was called decevinic acid. This product could be 
isolated from the acid fraction which resulted from the oxidation 
only after preliminary heating of this fraction, preferably to 180°. 
A more thorough examination of the products which resulted 
from the oxidation has since been made and is the subject of this 
report. 

The procedure which offered the most promising results was 
one in which the acid fraction obtained by continuous extraction 
of the oxidation reaction mixture with ether was esterified with 
diazomethane and then fractionated by the use of microfraction- 
ating columns. Careful examination of each of the resulting 
fractions indicated the presence of the methyl esters of at least 
five different acids. 

Fractions 1 and 2 appeared to consist mostly of the dimethyl 
ester of methylsuccinic acid, contaminated with the ester of suc- 
cinic acid. The methoxyl content of Fractions 4 and 5 was 
strikingly lower than that of the others. The analytical results 
combined with the saponification data as well as analyses of the 
recovered acid indicated a formulation of CyHyOs or CyHeOs 
for the acid. Since the ester was completely saponified within 5 
minutes when heated with a slight excess of 0.1 N NaOH at 100°, 
it appears hardly possible that a tertiary carboxyl group is present. 
3 moles of alkali on the basis of this formulation were con- 
sumed but the methoxyl determination showed the presence of 
only two methy! ester groups. Two carboxyl groups and a lactone 

253 








254 Veratrine Alkaloids. XII 


group must be present in the acid. The nature of the remaining 
oxygen atoms cannot be decided until the exact formulation of the 
acid itself is made definite by later work. 

Fractions 7, 8, and 9 aimost entirely crystallized. The crystal- 
line material on analysis proved to be the tetramethyl ester, CysH»Os, 
of a hexanetetracarborylic acid, CyHyOs. The ester melted at 
65-66° and was optically active; viz., [a], = +22°. The total 
yield of this ester from all fractions was about 11 per cent of the 
theory based on the amount of cevine employed. 

The acid recovered on saponification of the ester crystallized 
from ether and melted at 170-175°. This acid after distillation at 
0.2 mm. pressure yielded an optically active dianhydride, [a], = 
+67°, which gave analytical data in agreement with the formula- 
tion CyoHiO.s. This anhydride was converted into a ketomono- 
anhydride, CyHioO., when distilled at a higher temperature and 
pressure. The latter was also optically active, [a], = +128°. 

These observations are sufficient to remove a number of possible 
structural formulas which might be considered for the hexane- 
tetracarboxylic acid. The fact that it first loses 2 molecules of 
water to give a dianhydride, then loses CO, to give the ketomono- 
anhydride appears to exclude any formula which contains more 
than a single carboxyl group on the same carbon atom; viz., a 
substituted malonic acid. The latter was of course already 
improbable because of the conditions under which cevine was 
oxidized; 7.e., in 25 per cent sulfuric acid solution at boiling tem- 
perature. The carboxyl groups must therefore be distributed on 
different carbon atoms on a hexane or isohexane chain. 

Further information was obtained by a study of the rate of 
hydrolysis of the tetramethyl ester in alkaline solution. This rate 
is shown by Curve 1, Fig. 1. In the curve time is plotted against 
the equivalents of alkali consumed. A weighed quantity of the 
ester, 30 mg., was placed in the steam bath with 5 equivalents of 
0.1046 n NaOH. For withdrawal of the aliquot part (0.1 ce.) 
at the intervals indicated on the graph, the solution was quickly 
cooled to 20°, the sample taken, and the solution at once heated 
again. The aliquot was then titrated against standard acid with 
phenolphthalein. Although the ester was not completely soluble 
at first, on stirring it completely dissolved in a few seconds. 

The data show that 2 equivalents are so rapidly consumed that 
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the rate of hydrolysis of two of the ester groups cannot be measured 
by this technique. In fact, a separate experiment in which the 
ester was heated with only 2 equivalents of 0.1046 N alkali for a 
short time revealed complete hydrolysis of these two groups. 
Examination of the remainder of the curve reveals that the 
other two methyl ester groups are much more difficult to saponify 
and in fact can hardly be saponified with the slight excess (1 
equivalent of 0.1046 Nn NaOH) of alkali used. However, saponifi- 
cation was complete after prolonged heating with excess 1.01 N 


NaOH. 





| as: kaos Gk 





4+ 


to 
om = et 


pecs ee 2 a ae 5 oe ee 








w 

















Fquivalents of NaOH consumed 

















1 
| | | 
aa L 1 L — 
Hours 1 2 3 4 5 6 
Time 


Fic. 1. Hydrolysis of methy! esters in alkaline solution. Curve 1, 
hexanetetracarboxylic acid methyl! ester; Curve 2, heptanetetracarboxylic 
acid methy] ester; Curve 3, methyl ester of the precursor of decevinic acid. 


It can thus be assumed with a fair degree of certainty that two 
tertiary carboxyl groups must be present, since the difficulty of 
saponification of the ester of such a carboxyl group (where there is 
no complication from adjacent double bonds or rings) as contrasted 
with the ease of saponification of a primary or secondary carboxyl 
group is well known. The esters from Fractions 2 and 5 as well 
as the trimethyl] ester of tricarballylic acid taken as a model were 
completely hydrolyzed within 5 minutes under analogous con- 
ditions. 

If the hexanetetracarboxylic acid contains two tertiary carboxy] 
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groups, only two formulas are possible under the limitations set 
by the formulation CyoHyOs. These are given in Formulas 
I and II. 








HOOC 
HOOC COOH HC CH, 
= 
sated Uiik (ites HOOC—C—C—CH, 
Dre 
i Te ie H,C COOH 
HOOC COOH HOOC 
I 1 
Formula II contains no carbon chain longer than that of glutaric 
acid and thus could not directly give rise to the ketomonoanhydride 


on distillation. Formula I therefore seems to be indicated for our 
acid, although it cannot be considered certain until synthetic 
experiments planned in the near future are completed and actual 
identity established. Synthetic confirmation is made more diffi- 
cult by the fact that the acid and its derivatives from cevine are 
optically active. 

The carbon content of each of the fractions from Fraction 10 
on was higher than that of those which preceded. These fractions 
did not crystallize. Analysis of Fraction 12 suggested the presence 
of the tetramethyl ester, CysHoyOs, of the next higher homologue of 
the above acid; i.¢., a heptanetetracarborylic acid, CyHy0s. 
This ester, like that of the hexanetetracarboxylic acid, proved to 
be difficult to saponify completely and required prolonged heating 
with normal alkali. The crystalline acid saponification product 
melted at 145-148°. The analytical data were in good agreement 
with those required by the formulation Cy,HyOs. This acid was 
obtained in much smaller amount from cevine than was the 
hexanetetracarboxylic acid. 

The rate of hydrolysis in 0.1046 N NaOH of this tetramethyl 
ester was determined as in the previous case. The results obtained 
are reproduced in Curve 2, Fig. 1. It is apparent that this acid 
also must contain two tertiary carboxyl groups. 

After Fraction 14 the distillates were viscous resins. The 
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analytical data of Fraction 17 recovered by sublimation were 
in fair agreement with the formulation C,;HOs containing three 
methoxyl groups as ester groups. A portion of the latter proved 
to be comparatively difficult to saponify. Since 4 equivalents of 
alkali were consumed and only three methyl ester groups can be 
present, the extra equivalent of alkali must have been required 
for cleavage of a lactone group. The lactone acid would therefore 
possess the formulation CyHisOs. 

The rate of saponification of the ester which was determined 
as in the case of the hexanetetracarboxylic acid is reproduced in 
Curve 3, Fig. 1. From this curve it can be seen that there must 
be present the ester of at least one tertiary carboxyl group and of 
another which is less readily hydrolyzed than the other two and 
possibly also of tertiary character. 

The acid which was recovered from the saponification mixture 
failed to crystallize. This acid, however, proved to be the pre- 
cursor of decevinic acid. On pyrolysis, only water and no CO, was 
liberated.!. The yield of recrystallized decevinic acid obtained was 
78 per cent of the theory on the basis of the formula CyHis0g 
for the acid. This high yield of decevinic acid, Cj44HyOg¢, strongly 
supports the conclusion that the above acid is its precursor with the 
above formulation and that of its ester is Cy7HeQOs. 

The transition from this acid to decevinic acid would appear 
superficially to be rather simple and to be brought about by the 
loss of only 2 molecules of water. However, the former is obtained 
by strong alkaline hydrolysis, whereas decevinic acid is extremely 
sensitive to alkali and loses 2 molecules of CO, under such treat- 
ment. In the precursor all of the oxygen atoms are accounted for 
in the three carboxy! groups and the lactone group and a rearrange- 
ment must occur during the heating, so that at least one of the 
carboxyl groups is transformed into some other grouping in the 
production of decevinic acid. Even after prolonged heating of the 
latter in strong alkali, only 3 equivalents of alkali are consumed 
and a ketonie group is then found to be present in the crystalline 
hydrolytic product, CyHyeO3 (1). 

The empirical formula Cy,HisOs for the precursor of decevinic 


1 It was originally incorrectly assumed that decevinic acid was formed 
by the loss of water and CO, during the heating of the crude oxidation 
product. 
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acid would allow for the presence of six double bonds or rings, 
Three of these, however, are accounted for in the three carboxy] 
groups and two in the lactone group. It seems probable, there- 
fore, that the substance contains a single hydrocarbon ring or, less 
probably, an open chain with a single double bond. In any case, 
it is difficult to see how such a substance could possibly give rise 
to a substance with either of the structural formulas previously 
discussed by us (1). The structural formula of decevinic acid is 
therefore still obscure. The production from it of hydroxy- 
naphthalic anhydride described in our earlier work cannot now be 
taken as evidence for the presence of a hydrogenated naphthalene 
ring system in cevine. Its formation can be the result of pyrolytic 
rearrangement. 

Careful examination of the original oxidation mixture from 
cevine has revealed the presence in it of two substances which 
possess the formulas CsHgON and CgsHy,ON. Their properties 
suggest a lactam character. If these substances should arise from 
the oxidation of that portion of the structure (2) previously dis- 
cussed, viz. Formula III, they could be interpreted as 4-methyl-2- 


CH, 


lll 


pyrrolidone and 5-methyl-2-piperidone respectively. An attempt 
will be made in the future to obtain these substances for com- 
parison in order to recheck data already given in the literature. 

Finally, there remains to be discussed the bearing that these 
substances may have on the interpretation of the structure of 
cevine. An earlier contribution has suggested a possible cyclo- 
pentenofluorene structure (3) for the hydrocarbons resulting from 
the selenium dehydrogenation of cevine and this has been more 
recently supported by the substances isolated from the dehydro- 
genation of jervine (4). Thus a suggestion is obtained that at 
least a portion of the molecule of cevine itself may contain a fully 
hydrogenated ring system of this type, which, however. will have 
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to be substantiated by other methods. If for the present such a 
ring system is assumed, it must be so modified as to permit the 
production from it of the hexanetetracarboxylic acid. The basic 
portion of the molecule (2) consisting possibly of an octahydro- 
pyridocoline or octahydropyrrocoline could hardly give rise to 
such a structure by oxidative degradation. The structure indi- 
cated for the hexanetetracarboxylic acid suggests the presence of 
two geminal methyl groups on adjoining carbon atoms and could 
have its origin, barring rearrangement, in the structure shown in 
Formula IV by oxidative rupture at the points indicated. This 
formula would also permit the formation of the homologous 
acid, CuHieOs. 





CH, C 
\ AN 
c—c ‘¢ 
i 
a £ 
"ie if ‘: 


Further relationships for the basic portion of the molecule might 
be suggested on the basis of certain arrangements known to exist 
innature. For example, the 2-ethyl-5-methylpiperidine (pyridine) 
(2) which has so constantly been encountered in our degradative 
work with cevine might be considered to have its origin in a group- 
ing suggestive of the isooctyl side chain of the sterols as shown in 
Formula V. 

This would resemble somewhat the condition which has been 
found to exist in the study of the Solanum alkaloids which are 
sterol derivatives and in which the basic portion consists of a 
dicyclic tertiary base presumably molded from the sterol side 
chain. The extra benzene ring of the benzofluorene hydro- 
carbons from jervine if not already present in the molecule may 
have been formed during the dehydrogenation. In the latter 
case, ring closure must have taken a different direction (7.e., as in 
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methylcholanthrene) than it does in the formation of the various 
2’,1’-naphtha-1,2-fluorenes during the dehydrogenation of the 
sterols. 

Such considerations, if correct, might suggest a ring system for 
cevine as is given in Formula VI. This ring system might have 
its origin, although not in the conventional manner, in the con- 
densation of isoprene units and nitrogen with 2 carbon atoms from 
another source, as shown in Formula VII. Such an interpretation 





CH, 
B 
cl x 
" CH, 
C 
CH, } 
VI VII 


is suggested with due reservation, since much more in the form 
of pertinent data remains to be accumulated. 


EXPERIMENTAL 
10 gm. of recrystallized cevine were oxidized as previously re- 
ported (1). The ether extract, which in the earlier work was 
evaporated to an oily residue and which when heated vielded 
decevinie acid, was only partly concentrated. An excess of 
diazomethane in ether was then added and, after a few minutes 
at room temperature, the solution was concentrated. The oily 


residue weighed approximately 5 gm. A preliminary fractiona- 
tion of this oil was made in a sublimation apparatus at low pres- 
sure. Six fractions were collected. The first five were collected 
under a pressure of 0.2 mm. and up to a bath temperature of 148°. 
The last fraction weighed 1.12 gm. and was obtained at 0.001 
mm. and 120°. 

A preliminary smaller run, on which an accurate fractionation 
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with the use of a microfractionating column had been accom- 
plished, yielded crystalline material which proved to be the 
tetramethyl ester of a hexanetetracarborylic acid. When seeded 
with this material, Fractions 2, 3, and 4 of the larger experiment 
erystallized without further fractionation and a total of 0.5 gm. 
was collected from ether. This substance will be described later. 


TaBLe I 
Fractionation of Esters 












































j | 

Rrar | Beth, |Column| ree | Weight | Physio | micro | __Analvele 
No. | ature | ature imate) | ®PP Pe Cc H | OCH, 
°C. *C. mm. mg. °C. | per cent |per cent|per cent 

1 | 130 60 | 0.5 | 80 | Oil 188 | 51.27 | 7.18 
2 | 155 60 | 05| 80 | * 199 | 51.76 | 7.23 | 36.84 
3 | 165 | 110 | 0.2{| 80 | “ 250* | 52.01 | 6.88 | 31.58 
4 | 170 | 110 | 0.2 | 100 | Crystal- | 245* | 51.72 | 6.21 | 21.51 

line 

5 | 180 | 1200 | 0.2} 70 “« | 250* | 51.48 | 6.04 | 20.99 
6 | 1890 | 140 | 0.2 | 100 | Oil 52.11 | 6.75 | 36.38 

7 | 187 | 150 | 0.2 | 100 Crystal- | 52.64 | 6.67 

| line | 

8 | 190 | 155 hes 100 ° | 53.31 | 6.91 | 37.68 

9 | 195 | 160) 0.2) 17) “| 53.16 | 7.00 
10 | 200 | 100; 02| 170; “ | 53.70 | 6.94 | 37.32 

| 200 | 165 | 0.2 | 170 | Oil | 53.80 | 7.15 
12 | 200 | 165 | 0.2 | 170 | “ | 54.03 | 7.31 | 36.96 

13 | 210 | 170 | 0.2 | 170 | « 53.95 | 7.00 
14 | 215 | 199 | 0.2] 170 | Viscous | 54.15 | 6.42 | 29.90 

6 | 20) 168 )|02) wi; * | | 55.64 | 6.17 
16 | 220 | 19 | 0.2| 2 | “ | | 56.12 | 6.62 | 26.65 





* These boiling points are not reliable; possibly MeOH split off. 


The mother liquors from this substance were combined with 
Fractions 1 and 5. This material was placed in a 22 em. column 
(5) and fractionated according to the data given in Table I, which 
includes also the analytical results. 

Methylsuccinic Acid (?)—-Fraction 2 gave analytical results 
and a boiling point suggestive of the dimethyl ester of methyl- 
succinic acid. 


C7Hy20,4. Calculated. C 52.47, H 7.56, OCH; 38.75 
Found. ** 51.76, “* 7.23, “* 36.84 
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69.6 mg. of the ester were treated with 12.46 cc. (3 equivalents) 
of 0.1046 n NaOH and the mixture was heated at 100°. In § 
minutes 0.1 cc. of this solution was withdrawn and titrated with 
0.1046 n HCl against phenolphthalein. 0.0348 cc. of acid was 
required. This corresponds to 1.96 moles of alkali consumed on 
the basis of the above formulation. On further heating no addi- 
tional alkali was consumed. 

The saponification mixture after concentration to a small volume 
was acidified with HCl and exhaustively extracted with ether. 
The dried extract yielded a residue of 60 mg. 7 mg. of this 
crystallized from ether. The melting point was not sharp. The 
substance began to melt at 150° but the crystalline form appeared 
to change to needles which melted entirely at 185°. It is possible 
that the material was a mixture of succinic acid and a homologue. 

C,H,O,. Calculated. C 40.66, H 5.12 


CsHs0,. - “* 45.42, “ 6.10 
Found. ** 41.90, ** 5.50 


Since the mother liquor did not crystallize satisfactorily, the 
residue obtained by concentration was placed in a sublimation 
apparatus under 0.2 mm. pressure and allowed to sublime at a 
bath temperature of 100°. The sublimate crystallized on stand- 
ing a short time and weighed 30 mg. The melting point of 65-100° 
indicated a mixture, possibly of methylsuccinic acid with 
homologues. 


CsH;,0,. Calculated, C 45.42, H 6.10; found, C 46.03, H 6.54 
The Acid CyHyOs or CyHyOs (?)—Fractions 4 and 5 differed 


from the others by the much lower methoxyl content. If two 
methoxyl groups are present in the form of a dimethyl ester, the 
following formulations might be considered in connection with the 
analytical results. 

CisHOs. Calculated. C 51.29, H 6.62, OCH; 20.38 


CisHisOs. <a ** 51.63, ** 6.00, “ 20.52 
Found ** 61.48, ** 6.04, ‘* 20.99 


14 mg. of the dimethyl ester were treated with 2.215 cc. of 
0.1046 n NaOH (5 equivalents on the basis of the above formulas) 
and heated in the steam bath. At the end of 5 minutes 0.1 ce. 
was withdrawn and titrated with standard HC! against phenol- 
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phthalein. 0.0373 cc. of 0.1046 N HCl was required. This cor- 
responds to a consumption of 3.13 moles of alkali. Further 
heating did not change the result. 

If either of the above formulations is assumed, then there can 
be no tertiary carboxyl groups present, because of the speed of 
saponification. The presence of a lactone grouping is indicated 
as well as that of two methyl ester groups. 

70 mg. of the ester were saponified with excess alkali and the 
mixture was concentrated to a small volume. Excess HCl was 
added and the solution was exhaustively extracted with ether. 
This yielded a residue of 60 mg. Although this could not be 
crystallized from any solvent, it was distilled with the thought 
that an anhydride might be formed which would crystallize. The 
temperature of the oil bath was held at 200° and the pressure was 
then reduced until distillation occurred. Since the distillate did 
not crystallize, it was analyzed directly. 


CiuHieOs. Calculated. C 47.80, H 5.84 
Cn HyOs. a ** 48.16, “© 5.14 
Found. ** 48.25, ** 5.88 


Apparently under these conditions the lactone group present in 
the original ester is reformed but there is no tendency to form an 
anhydride. 2 of the oxygen atoms in this ester are thus unac- 
counted for. 

The Hexanetetracarborylic Acid, CioHy4Os—Fraction 7 crystal- 
lized almost entirely and gave analytical data in fair agreement 
with those of the crystalline ester obtained from the preliminary 
experiment mentioned above. Upon recrystallization from ether, 
65 mg. of heavy rhombs were obtained which melted at 63-66°. 
After another recrystallization, the ester melted at 65-66°. 


[a]p = +22° (c = 0.916 in methyl! alcohol) 
CyyHa2Os. Calculated. C 52.80, H 6.97, OCH; 39.07, mol. wt. 318.18 
Found. ** 53.09, ** 6.79 
** 52.88, ‘* 6.76, OCH; 38.12, mol. wt. 297.8 


For complete saponification, prolonged heating on the steam 
bath with excess normal alkali was necessary because of the 
resistant ester groups. 75.5 mg. of the ester were heated with 
1.81 cc. of 1.01 N NaOH at 100° for 4.5 hours and titrated back 
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with 0.992 n HCl against phenolphthalein. Found, 0.930 ee. 
of alkali; calculated for 4 equivalents, 0.940. 

The neutral solution from the titration was concentrated to a 
small volume and a slight excess of concentrated HCl was added. 
It was then exhaustively extracted with ether. On concentration, 
the residue crystallized. After recrystallization from ether, the 
acid melted at 170-175°. 

CioH Os. Calculated, C 45.78, H 5.38; found, C 45.73, H 5.48 


The Dianhydride of the Hexanetetracarboxylic Acid, CyoH pO .— 
Approximately 150 mg. of the acid were placed in a distillation 
apparatus under 0.2 mm. pressure. Nothing appreciable distilled 
until the oil bath temperature reached 230°, when a stormy distil- 
lation occurred. The distillate partially crystallized. After 
recrystallization from acetone, 30 mg. of stout, well formed rods 
were obtained which melted with effervescence at 154-160°, 
depending somewhat on the rate of heating. 


la|> = +67° (c = 0.86 in acetone) 
CyoH10O,. Calculated, C 53.20, H 4.47; found, C 52.90, H 4.53 


The Keto Monoanhydride, CoH Os, from the Hexanetetracar- 
boxylic Acid—The mother liquors from the crystallization of the 
above anhydride were recombined with part of the crystalline 
material and again placed in the distillation apparatus. The 
pressure was now maintained at 10 mm., while the oil bath tem- 
perature was held at 250°. The distillate weighed 85 mg. and 
crystallized readily from a mixture of acetone and ether. After 
recrystallization it melted at 115-118°. 

[a]p = +128° (c = 0.75 in acetone) 
CoH,90,. Calculated, C 59.31, H 5.53; found, C 58.95, H 5.49 

The Heptanetetracarboxylic Acid—Fraction 12 did not crystallize 
directly but gave analytical results in agreement with the figures 
for the ester of an acid containing one CH, group more than that 
of the previous acid. 


CisHOs. Calculated. C 54.18, H 7.28, OCH; 37.33 


Found. * 54.08, “* 7.31, ‘“* 36.95 


This ester like the previous one also contained two relatively 
resistant ester groups. 125 mg. of the oil were treated with 5 ce. 
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of 1.01 nN NaOH and heated on the steam bath for 6 hours. The 
mixture was titrated back against phenolphthalein with HCl. 
Found, 1.62 ec.; calculated for 4 equivalents, 1.49 ce. 

The neutral solution from the titration was concentrated to a 
small volume and made acid with HCl. It was exhaustively 
extracted with ether. This yielded on concentration a resin which 
soon began to crystallize. The crystalline acid after collection 
with ether melted at 145-148°. 


C),HyOs. Caleulated, C 47.80, H 5.84; found, C 48.13, H 5.77 


Following Fraction 16 approximately 0.8 gm. of material 
remained undistilled. It was very viscous and difficult to manip- 
ulate in the type of distilling apparatus used. Accordingly, it 
was removed with solvent and then redistilled in a sublimation 
apparatus. The colorless viscous distillate will be considered as 
Fraction 17. The analytical data from this fraction did not differ 
greatly from those of Fraction 16 and the properties were similar. 
If it should be assumed to approach homogeneity, the analytical 
data would agree best with the formulation C,;H»Os containing 
three methoxyl groups. 


(,7H.,Os. Caleulated. C 57.27, H 6.79, OCH; 26.11 
Found. ** 56.79, “ 6.56, ‘ 26.14 


150 mg. of the viscous substance were treated with 4.00 cc. of 
1.01 nN NaOH and heated in the steam bath for 4.5 hours. On 
back titration against phenolphthalein with HCl, 1.68 ce. of alkali 
were found to have been consumed. Calculated for 4 equivalents, 
1.67 ec. Apparently a lactone group must be present, since only 
three methoxyl groups were shown by the above analysis. 

The neutral titration mixture was then concentrated to a small 
volume and made slightly acid with concentrated HCl and ex- 
haustively extracted with ether. The dried ether extract on 
evaporation to dryness vielded 115 mg. of a resin which did not 
crystallize. 

This resin was heated in an apparatus connected with a series 
of nitrometers for measuring any evolved gas. The heating was 
performed in a slow stream of nitrogen at 200° for 10 minutes. 
The slightly colored residue appeared to be entirely crystalline. 
After nitrogen was passed through the apparatus, no diminution 
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in volume could be detected after extraction with alkali. CO, 
therefore was not liberated during the heating. A small amount 
of water had condensed on the cooler part of the apparatus. 

The crystalline residue was recrystallized from acetone. A 
total of 79 mg. was obtained which melted at 275-278°, depending 
on the rate of heating. The analytical figures agreed with the 
figures for decevinic acid. 


CyuHiO,. Calculated, C 60.41, H 5.20; found, C 60.68, H 5.29 


If the formula of the acid on the basis of the analytical data of 
the trimethyl ester be assumed to be C\gHisOs and decevinie acid 
is derived from it by the loss of 2 molecules of water, then the yield 
of decevinic acid was 78 per cent of the theoretical. 


TaBLe II 
Fractionation of Nitrogen-Containing Fraction 














eo imam oe, | Pressure | “a | Micro m.p. mins 
} ture ture fraction | “Se i 
cS. w. mm. mg. e. | per cent per cent 

1 |} 117 80 0.8 70 | Semiliquid 
2 | 117 80 | 0.8 255 55-59 | 60.44 | 9.05 
3 110 73 =| «(0.25 | 165 | 53-59 
4 110 73 =| 0.25 165 | 51-58 
5 113 73 | 0.25 | 145 | 51-59 | 
6 115 73 «| 0.25 | 145 48-58 | 60.58 | 9.00 
7 125 82 | 0.25 | 150 | Mostly liquid 
8 | 130 95 0.25 | 200 35 
9 | M40 | 100 | 0.25 | 200 36 63.03 | 9.53 





| 


Basic Fraction from Oxidation of Cevine—The original acid solu- 
tion from the oxidation of 40 gm. of cevine which remained after 
the continuous extraction with ether employed to remove the 
acid products discussed above was treated with 8 liters of ethyl 
alcohol. 30 per cent NaOH solution was added until the solution 
was distinctly alkaline to litmus. CO, was then passed through 
to neutralize any excess NaOH. The salts were filtered off and 
washed with alcohol. The filtrate was concentrated to dryness 
and extracted with 95 per cent alcohol. The extract from this 
after concentration gave a residue which was suspended in 150 ce. 
of absolute methyl alcohol and saturated with dry HCl gas at 0°. 
After the mixture had stood for several hours, the salts were 
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filtered off and washed with methyl! alcohol saturated with HCi. 
Both crops of salts contained no appreciable organic matter. 

The filtrate was again subjected to a repetition of this process. 
The dried residue was decomposed at 0° with 24 per cent NaOH 
and a small volume of ether. Powdered KOH was then added 
and after the mixture had been quickly centrifuged the ether 
layer was drawn off. The ether extraction was twice repeated 
and the ether extracts were dried over K,CO;. After concentra- 
tion the residue was fractionated in a 22 em. column, as given in 
Table II. 

The above procedure was employed with the idea that an am- 
photeric amino acid fraction might be encountered which could 
possibly be fractionated as methyl esters. However, with Frac- 
tions 2 and 9, shown in Table II, the methoxyl as well as the 
N-methyl determinations were negative. From the boiling 
points and analytical data they appear to fit best in the category 
of pyrrolidones or piperidones. 

Fractions 2 to 6 appeared to be nearly homogeneous and gave 
good analytical data for a methylpyrrolidone or for piperidone. 
The properties, however, definitely exclude the latter. 

CsH,ON. Calculated. C 60.56, H 9.15, N 13.81 


Found. ** 60.44, “ 9.04, “ 13.36 
* ** 60.58, ‘* 9.00 


After two recrystallizations from ether this material melted at 58°. 
Fraction 9 gave analytical data approaching the figures required 
for a substance with the empirical formula CsHyON. 


C.sH,,ON. Calculated. C 63.66, H 9.78, N 12.48 
Found. ** 63.03, ‘ 9.53 


After recrystallization from an equal volume of ether, compact 
rhombs were obtained which melted at 34-37°. 


Found. C 63.28, H 9.69, N 12.52 
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The power of monochromatic light to reverse the carbon monox- 
ide inhibition of iron-catalyzed reactions taking place in living 
cells has been utilized to determine the absorption spectrum of the 
CO compound of the respiratory ferment in Torula utilis and 
Bacterium pasteurianum (1, 2) and more recently that of the 
Pasteur enzyme in retina (3). Accounting for the largest part 
of the oxygen consumption of the cell, the respiratory ferment, or 
cytochrome oxidase with which it is now generally identified, en- 
ables molecular oxygen to accept electrons coming from the cellular 
substrates via cytochrome. The Pasteur enzyme which catalyzes 
the aerobic inhibition of fermentation also reacts with molecular 
oxygen, but only small amounts of oxygen appear to be necessary 
to maintain it in the oxidized state (3, 4). 

In order to study the relationship between the Pasteur enzyme 
and the respiratory ferment in the same cell, a system must be 
selected of which the respiration as well as the aerobic fermenta- 
tion is sensitive to CO. Retina cannot be used, for CO even in 
high concentrations does not affect the respiration but only in- 
hibits the Pasteur reaction of this tissue (4, 3). Bakers’ yeast 
was chosen for the present experiments because its respiration is 
decreased and its aerobic fermentation is increased by CO, and 

* This work was carried out by the author during the tenure of a Finney- 
Howell Research Foundation Fellowship (1939-41). It was aided by a 
grant made to Dr. Kurt G. Stern by the Jane Coffin Childs Memorial Fund 
for Medical Research. A preliminary report was presented before the 
Thirty-fifth annual meeting of the American Society of Biological Chemists 
(1941). 
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these effects of CO are partially reversed by illumination (5), 
The vigorous respiration and the pronounced Pasteur effect ex- 
hibited by these cells at low temperatures (2°) are further ad- 
vantages for photochemical experiments. 


EXPERIMENTAL 
Apparatus and Procedure 


Bakers’ yeast,' fresh samples of which were supplied at weekly 
intervals, is washed twice with M/15 KH,PO,, and then about 200 
c.mm. of cells are made up to 2.0 cc. with M/15 KH.PO, containing 
1 per cent glucose. The compensation vessel of the differential 
manometer contains 2 cc. of the glucose-phosphate solution. Only 
when 30 to 40 minutes have elapsed after the passage of the gas 
mixture is the first experimental reading taken. The same batch 
of yeast is used in comparing the efficiency of a particular wave- 
length in relieving the CO inhibition of respiration and of the 
Pasteur effect. The temperature of the bath is 2°. 

Fermentation is measured in a cylindrical vessel of 20.2 ce. 
volume, so that the ratio of gas volume to fluid volume is 10. 
Under these conditions the respiratory exchange produces no 
appreciable pressure differences, and the positive pressures result 
essentially from fermentative CO,. Respiration is measured in 
23.1 ec. vessels in the usual way by rapidly absorbing the CO, 
formed, and recording the negative pressures resulting from the 
O, consumption. The removal of the KOH from an inner well to 
the top part of the vessel renders that part of the vessel which 
contains the yeast suspension and which is exposed to the light 
identical with the vessel used to measure fermentation. The shape 
of the vessels in conjunction with the rotating method of shaking 
presents only a thin layer of cells to the light. An under water 
mirror allows additional light to enter the vessels (Fig. 1). 

The details of the photochemical apparatus and the isolation of 
the monochromatic radiations have been described previously (3). 

Influence of CO on Metabolism of Bakers’ Yeast—When the N, 
in an atmosphere also containing O, is replaced by CO, two strik- 
ing changes take place in the metabolism of the yeast: its respira- 


! The yeast was supplied by the Federal Yeast Corporation through the 
kindness of Mr. Sidney Kahn. 
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tion falls and its fermentation increases (Table I). However, 
the inhibition of the Pasteur reaction is generally more pronounced 
than the inhibition of respiration. In the absence of O., CO has 
no effect on the fermentation. These findings confirm those first 
reported by Warburg (5). 
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Fic. 1. Manometer vessels (according to Warburg) for measuring fer- 
mentation and respiration respectively in the photochemical apparatus. 
The rotating method of shaking distributes the yeast suspension as a thin 
film about the walls of the vessel. The arrows indicate the passage of light 
to the side and bottom of the vessel. 


TABLE | 
Inhibition of Pasteur Enzyme and Respiratory Ferment by CO at 2° 








Atmosphere Qco, (fermentative) | Qo, 
100% Or... 0- 2 8-10 
5% O2, 95% No.. Q- 2 8-10 
5% ‘‘ 95% CO | 10-12 | 2-4 
100% Ne , 13-15 | 0 
100% CO Tee 13-15 | 0 





Determination of Relative Absorption Coefficients (8,/B4s6)—The 
theory underlying the method of measuring photochemical ab- 
sorption spectra has been developed by Warburg and his col- 
laborators (1, 2, 6, 7). When the intensities of two wave-lengths 
of light which produce the same photochemical effect are known, 
the relative light absorption coefficient (6;/82) may be calculated 
from the following equation, 


81/B2 = ted2/t1r1 
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where 6; = absorption coefficient at wave-length j, 4; = intensity 
at \,; and 8, = absorption coefficient at wave-length 2, and 7, = 
intensity at oe. 

When 436 mz is the standard wave-length, 

By/Base = tase X 4836/1, X A 

For the present experiments the photochemical effects on the 
CO-treated yeast were in the one instance a decrease in fermenta- 
tion and in the other an increase in respiration. With the former 
as the photochemical reaction, points were obtained on the spec- 
trum of the Pasteur enzyme, and with the latter on the spectrum 
of the respiratory ferment. 

It is also necessary to make allowance for the changes in the 
fermentative and in the respiratory rate which occur with time 
independently of the illumination. This is done by determining 
the rate of fermentation and of respiration respectively, before 
and after each light period. By interpolation it is then possible 
to determine what the metabolic rate would have been, if the 
yeast had not been subjected to the light (see Fig. 2). From the 
values of the metabolism in the light and in the dark, the photo- 
activity (A) of each wave-length may be calculated. 

For the respiratory ferment, 
(Ap/At); — (Ap/At)a 


xX 100 
(Ap/At)a 


A= 
where A = photoactivity; (Ap/At); = change in pressure due to 
respiration in the light for the period Af; and (Ap/At), = change 
in pressure due to the respiration in the dark for Af. 

And for the Pasteur enzyme, 


(Ap/At)a — (Ap/At)) - 
= A 100 


(Ap/At)a 
where (Ap/At), = change in pressure due to fermentation in the 
dark for At; and (Ap/At); = change in pressure due to fermenta- 
tion in the light for At. 

The ratio of the absorption at the wave-length used to the ab- 
sorption at 436 my is determined individually for each wave- 
length. During each experiment before and after illumination 
at the wave-length under investigation, the photoactivity of two 
different intensities at 436 my is determined. From these values 
a calibration curve is constructed (see Fig. 2). With the aid of 
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this curve it is possible to find the intensity at 436 mu which would 
produce the same photoactivity as does the wave-length under 
investigation. 

At least two and as many as eleven experiments were conducted 
at each of the twenty-three wave-lengths for each of the two en- 
zymes. The mean of the results obtained for each wave-length 


TABLE II 


Photochemical Effect at 436 my versus That at 589 mp on CO Inhibition of 
Respiration and of Pasteur Reaction in Bakers’ Yeast 














Light Manometer deflections 
lime | | . 
Wave-length Intensity | eee) pone by 
ee ee eS : inal 

min mp gm. wen Aege mm. O2 mm. COs 

0 

5 4.17 10.80 
10 436 0.5 xX 10~* 

15 436 5.68 8.84 
20 436 5.60 8.89 
25 

30 4.00 11.58 
35 589 2.3 X 10- 

40 589 6.30 7.21 
45 589 6.20 7.25 
50 

55 3.67 11.80 
60 136 1.4 x 10° | 

65 136 6.05 | 7.24 
70 136 5.95 7.28 
75 

80 3.43 | 12.35 


has been plotted on the final curves. The individual scattering 
at one wave-length was similar to that at 560 my described below 
in the discussion. The data for two experiments at 589 my are 
presented in Table II. 

From Fig. 2, in the bottom half of which are plotted the respira- 
tory O. and the fermentative CO: against time, there are obtained 
the values for (Ap/Af)g at the time when (Ap/At); was being meas- 
ured. With these values and the experimentally determined 
(Ap/At); values, the photoactivity (A) may be calculated (Table 
ITT). 





RESPIRATORY FERMENT PASTEUR ENZYME 
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Fic. 2. Determination of 8539/8436 for the respiratory ferment and for the 
Pasteur enzyme. The graphs in the lower part of the figure represent the 
changes in metabolism with time. The dotted lines indicate the effect of 
the blue Hg line and of the yellow Na line on increasing the respiration and 
on decreasing the fermentation. The line running horizontally and con- 
necting the circles indicates what the metabolic rate would have been if the 
cells had been kept in the dark. The photoactivity curves in the upper 
part of the figure indicate at X the intensity at 436 mp which would have 
produced the same photoactivity as did 2.3 X 10~* gm. calorie at 589 my. 


Tasie III 
Photoactivity at 436 mp versus That at 589 mp 
Calculated from data in | Table II and Fig. 2. 

















a7 Light 
=) oo 9 
length ntensity | 
aE min. - Poptart. 4 | mm. mm. per cent 
Respiratory | 15 | 436 | 05X10 | 4.10} 5.68 | 38.5 79 
ferment | 20 | 436 | 0.5 X10 | 4.08) 5.60 | 37.3 9° 
| 40 | 589 2.3 X 10-4 3.85 | 6.30 | 63.6) | 63.8 
| 45 | 580 | 2.3 x 10 | 3.78 | 6.20 | 64.0) 
65 | 436 | 14X10 | 3.53) 6.05 71.4) 70.7 
| 70 | 436 | 1.4X10-* | 3.50| 5.95 | 70.0) °° 
Pasteurenzyme| 15 | 436 | 0.5 X 10-* | 11.02| 8.84 | 19.8 on 4 
| 20 | 436 | 0.5 X 10-* | 11.25 | 8.89 | 21.0/ ~* 
| 40 | 589 | 2.3% 10-* | 11.68] 7.21 | 38.3) , 
| 45 | 589 | 2.3% 10-* | 11.71 | 7.25 | 38.1 —_ 
65 | 436 | 1.4X 10 | 11.99) 7.24 | 39.6 39.0 
| 70 | 436 | 1.4.x 10-¢ | 12.11 | 7.28 | 38.4f 





S 
_— 
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In Fig. 2 the photoactivity at 436 my is plotted against the 
intensity at 436 my. From these curves it is found that an in- 
tensity of 2.3 gm. calories per sq.cm. per min. at 589 my exerts a 
photoactivity equivalent to 1.17 gm. calories at 436 my in the 
instance of the respiratory ferment and to 1.34 gm. calories for 
the Pasteurenzyme. The relative absorption coefficient at 589 mu 
may then be calculated. 


TABLE IV 


Relative Absorption Coefficients of Pasteur Enzyme and of Respiratory Ferment 
in Bakers’ Yeast 




















| ws | Respira- | ws Respira- 
wavedangth | Light | Pasteur | Mery | Ways | Hight | ates | Stee” 
mu | By/Bise | 8y/Baxe my By/Byse | By/Bire 
407 | Sr | 0.18 | 0.18 | 522 Cu | 0.03 | 0.03 
425-470 | Cu | 0.74 | 0.78 | 525 Sr | 0.02 | 0.02 
430 | Cu | 2.5* | 2.5% | 546 Hg | 0.06 | 0.06 
436 | Hg | 1.00 | 1.00 | 553 Mg | 0.09 | 0.17 
457 Mg | 0.37 | 0.35 | 560 Ca | 0.08 | 0.21 
460 | Li | 0.32 | 0.30 | 578 | Hg 0.17 | 0.16 
47 | Sr | 0.01 | 0.01 | 582 =| Sr | 0.26 | 0.21 
494 | Mg | 0.04 | 0.02 | 589 | Na | 0.44 | 0.39 
497 sr | 0.06 | 0.03 | 597 | Sr | 0.23 | 0.21 
497 | ti | 0.06 | 0.03 | 610 =|: Li 0.03 | 0.03 
515 Cu | 0.11 | 0.15 | 640-650 Ca | 0.00 | 0.00 
517 Mg | 0.06 | 0.07 | 640-655} Sr | 0.00 | 0.00 











* Calculated; for the method, see Stern and Melnick (3). 


For the respiratory ferment, 


Bs _ 1.17 X 10-* X 436 





- 0.38 
Buss |=: 2.3 K «10 * XK «589 
And for the Pasteur enzyme, 
1.34 X 10~* X 436 
aoe = 0.43 





Biss = 2.3 KX «104 XK 589 


Results 
With the technique outlined above the relative photochemical 
absorption coefficients at twenty-three wave-lengths in the visible 
region of the spectrum have been determined (Table IV). From 
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these values the relative absorption spectra of the CO compounds 
of the Pasteur enzyme and of the respiratory ferment in the veast 
cell have been plotted (Figs. 3 and 4). 

No source of intense monochromatic light was available at the 
very peak of the main absorption band (430 mu). However, from 
the contour of the rest of the curve and from the 8 values obtained 
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Fia. 3. Relative photochemical absorption spectrum of the Pasteur en- 
zyme CO compound in bakers’ yeast. 


when the entire blue portion of the spectrum of the Cu-carbon 
was used, the approximate position and height of the y-band were 
determined and the maximum located at 430 my. The procedure 
followed that previously reported in the construction of the spec- 
trum of the Pasteur enzyme in retina (3). 


DISCUSSION 


Previous work in Warburg’s (1, 2) and in this laboratory (3) 
has demonstrated that the patterns of the spectra of the respira- 
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tory ferment and of the Pasteur enzyme are characteristic for 
iron-porphyrin proteins. The close chemical relationship be- 
tween the two enzymes is seen from the present experiments in 
which both spectra have been charted for the same cell (bakers’ 
yeast): The steep Soret bands or y-bands of the enzymes coincide 
in their position at 430 my, and the low 8-bands at 510 my are 
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Fic. 4. Relative photochemical absorption spectrum of the respiratory 
ferment CO compound in bakers’ yeast. 


also very similar. However, there is a distinct difference in the 
structure of the a-bands, the main absorption of which is at 589 mu. 
Whereas only a slight kink is present in the spectrum of the Pas- 
teur enzyme at 553 my, a secondary absorption band at 560 my in 
the spectrum of the respiratory ferment indicates the non-identity 
of the two enzymes (Fig. 5). 

Difference between Spectra of the Two Enzymes at 560 mp—In 
view of the close similarity of the two photochemical spectra here 
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reported and the fact that the chief difference consists in the pres- 
ence of a low, additional band with a maximum at 560 muy in the 
instance of the respiratory ferment, the case for or against the 
identity of the two catalysts rests on the reality of this band at 
560 mu. For this reason a fuller discussion of this point is deemed 
desirable. 
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Fig. 5. Photochemical absorption spectra of the CO compounds of the 
Pasteur enzyme and of the respiratory ferment in bakers’ yeast in the region 
from 470 to 650 mu. 


The data used for the calculations of the relative absorption 
coefficients at 560 my, which were derived from six different 
observations for the respiratory ferment and from nine in the case 
of the Pasteur enzyme, were subjected to statistical treatment as 
outlined by Fisher (8).2. For the respiratory ferment 85¢0/8436 Was 

? The statistical treatment was kindly performed by Dr. Alfred E. 
Wilhelmi. 
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experimentally found to be 0.25, 0.22, 0.21, 0.20, 0.185, 0.175, with 
a mean value of 0.207 + 0.011, or 0.21 + 0.01. For the Pasteur 
enzyme the experimental Bs60/843. values were 0.10, 0.09, 0.085, 
0.08, 0.07, 0.07, 0.07, 0.065, 0.055, with a mean value of 0.076 + 
0.006, or 0.08 + 0.01. The difference is 0.130 + 0.014, and since 
it is more than 9 times its standard error, the possibility that the 
two series of observations are drawn from a single population is 
almost negligible. - Therefore the data warrant the conclusion 
that the difference here reported in the absorption at 560 my is 
significant. Moreover it is also evident from Table IV and Fig. 5 
that at 553 my, which forms part of the band having its maximum 
at 560 my, the respiratory ferment absorbs twice as much light 
as the Pasteur enzyme. 

Additional evidence was obtained which also indicates a differ- 
ence between the two spectra at 560 mu. If a wave-length with 
a relative absorption coefficient smaller than that at 436 my, which 
is arbitrarily set at 1.00, is fixed as the reference wave-length, the 
absorption at 560 my should still be about 2.7 times greater for 
the respiratory ferment than for the Pasteur enzyme. This has 
been verified experimentally. 

When the photoactivity of the radiation of the Ca-carbon from 
128 to 459 mu (maximum intensity at 448 my) is directly compared 
with that at 560 my (isolated from the same Ca-carbon spectrum), 
it is found that the ratio Bs60/8us for the respiratory ferment is 
3 times that for the Pasteur enzyme. For the Pasteur enzyme 
1.56 X 10-*gm. calorie at 428 to 459 my has the same photoactivity 
as 11.40 X 10-* gm. calorie at 560 mpg. In the case of the respira- 
tory ferment 1.52 K 10-* gm. calorie at 428 to 459 muy is equivalent 
to 3.63 X 10-4 gm. calorie at 560 mu. From these values Bse0/Baas 
is found to be 0.11 for the Pasteur enzyme and 0.335 for the respira- 
tory ferment. As the relative absorption coefficient at 448 my is 
the same for both enzymes, the data indicate that at 560 my the 
absorption of the respiratory ferment is 3-fold that of the Pasteur 
enzyme. 

Photochemical Spectra of Pasteur Enzyme and of Cytochrome 
Oxidase in Rat Tissue—As the photochemical spectrum of cyto- 
chrome oxidase, which is generally identified with the respiratory 
ferment, has recently been charted in rat heart muscle (9), it is 
now possible to compare its spectrum with that of the Pasteur 
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enzyme measured in the retina of that animal (3). As in yeast, 
the spectra are similar to each other with differences being located 
in the lonz wave region. Both enzymes possess steep y-bands at 
450 my and small 8-bands at 510 my; but the a-band in the yellow 
of the Pasteur enzyme is situated at 578 my, whereas the corre- 
sponding maximum of cytochrome oxidase is located at 589 mu. 
Moreover the spectrum of cytochrome oxidase has a definite hump 
at 560 my which is lacking in that of the Pasteur enzyme. In the 
spectrum of the respiratory ferment in bakers’ yeast this increase 
in specific absorption is accentuated so that a small band is actually 
measurable at 560 mu. In the instance of the Pasteur enzyme, in 
both rat retina and in yeast, there is very little absorption in this 
region. The spectra obtained for the Pasteur enzymes in retina 
and in yeast on the other hand are sufficiently different to justify 
the conclusion that they too must differ either with regard to their 
hemin group or their protein component. 

Reactions to Chemical Agents—The similarity in the spectra of 
the respiratory ferment and Pasteur enzyme in yeast helps to 
explain why it has been widely assumed that respiration checks 
fermentation. The spectra show that the two enzymes are very 
similar chemically; therefore they would be expected to react in a 
similar fashion with compounds having an affinity for the hemin 
group. Thus the inhibition of respiration and the concomitant 
increase in aerobic fermentation in the presence of cyanide or CO 
are readily explained by the inhibition of both the respiratory fer- 
ment and the Pasteur enzyme. 

In some tissues, however, it is possible to distinguish between 
the two catalysts by inhibiting only one of them with specific 
reagents. For example, ethyl isocyanide (10) and CO (4) in cer- 
tain instances have been shown to inhibit selectively the Pasteur 
reaction. Low QO, tensions may selectively inhibit either the 
Pasteur reaction (11) or respiration (12). These observations 
may be explained by the different affinities which the respiratory 
ferment and the Pasteur enzyme® have for the inhibiting agents 
and for O, (3). 


* Although the compound reacting with ethyl isocyanide in Warburg’s 
experiments (11) has not yet been identified with the Pasteur enzyme as 
defined by its CO spectrum, it appears likely that the same heavy metal 
catalyst is involved in both reactions. This is supported by the fact that 
the iron-porphyrin protein hemoglobin, which shares basic chemical fea- 
tures with the Pasteur enzyme, reacts both with CO and C,HsNC (13). 
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SUMMARY 


The absorption spectra of the CO derivatives of the respiratory 
ferment and of the Pasteur enzyme have been charted in bakers’ 
yeast by Warburg’s photochemical method. Both enzymes ex- 
hibit a spectrum characteristic of pheohemin proteins. The steep 
y-bands in the blue at 430 my coincide and the small 8-bands in 
the blue-green at 510 my are also similarly located. However, 
the structure of the spectra in the green and yellow is significantly 
different: whereas both enzymes have a strong a-band at 589 muy, 
the spectrum of the respiratory ferment shows an additional, 
secondary maximum at 560 mu. 

There thus appear to exist within the same cell two hemin- 
containing enzymes capable of reacting with molecular oxygen. 
One, the respiratory ferment, is instrumental in the oxidation of 
metabolites; the other, the Pasteur enzyme, controls the inhibition 
of fermentation by oxygen. 


The author is indebted to Dr. Kurt G. Stern for his stimulating 
interest in this work. 
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THE LIPIDS OF DIATOMS* 
By H. T. CLARKE anp ABRAHAM MAZUR 
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In the course of an investigation of the chemical components of 
primitive, autotrophic organisms ((1) and unpublished work), the 
fatty constituents of marine diatoms! have been examined. Be- 
yond the analytical characterization of the oil of Nitzschia clos- 
terium (2) and a quantitative study of its individual fatty acids 
(3), chemical information pertaining to the lipids of diatoms is 
relatively scanty. In the study here reported, the surprising 
finding was made that the lipids extracted from a sample of mixed 
diatoms contained the major part of their fatty acids in the free 
form. As this sample had been dried before analysis, it was 
thought that this might be ascribable to postmortem lipolysis. 
However, diatoms placed under ether or acetone immediately 
after collection showed the same peculiarity, which appears to be 
unique. 

The samples first examined were collected off Woods Hole by 
Dr. G. L. Clarke (4) of the Biological Laboratories of Harvard 
University. No pronounced differences were observed in the 
chemical composition of the lipid from diatoms collected at differ- 
ent seasons and with counts (made by Miss Lois Lillick) which 
indicated widely differing biological composition. Through the 
kindness of Dr. A. C. Redfield it was later possible to examine a 
quantity of the marine diatom Nitzschia clostertum grown in pure 
culture (5), and here again the bulk of the fatty acids was likewise 
found to exist in the free state. The results of the analyses are 
recorded in Table I. 

* This investigation was made possible by a grant from the Carnegie 
Corporation of New York. 

! The collection by Dr. George L. Clarke of marine diatoms for this work 
was made possible through the kind cooperation of Dr. Henry B. Bigelow, 
Director of the Woods Hole Oceanographic Institution. 
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In contrast to the behavior of most animal and vegetable oils, 
that of diatoms showed a decreased amount of free fatty acid and 
an increased amount of neutral fat when the sludge of organisms, 
as collected, was allowed to stand undisturbed for some days. One 
portion of a catch collected April 14 to 15, 1938, was analyzed 
after 8 days. The lipid contained 67 per cent of free fatty acid. 
Other portions of the same original suspension were allowed to 
stand at room temperature for 6 months alone and in the presence 
of sea bottom mud under aerobic and anaerobic conditions, 
Analyses were carried out upon uniform samples of the suspen- 


TABLE I 


Composition of Diatom Lipids 
Per cent of total lipid 


| Sample A’ Sample B | Sample C | Sample D 


Free acids 82 70 59 80 
Combined acids 5 l 17 17 
Unsaponifiable 12 29 

Alcohols 7 3 
Hydrocarbons 14 3 


Sample A, diatoms (85 per cent Rhizosolenia alata) dried after collection 
(September, 1937); they contained 8 per cent lipid, 46 per cent ash (dry 
basis). Sample B, mixed marine diatoms, covered with ether on collection 
(September, 1937); 10 per cent lipid, 50 per cent ash. Sample ©, mixed 
marine diatoms, in water as collected (April 27, 1938); analyzed after 5 days; 
15 per cent lipid, 36 per cent ash. Sample D, Nitzschia closterium, grown 
in sterile culture, immediately covered with acetone; 5 per cent lipid, 42 


per cent ash 


sions (Table Il). The material which had been allowed to stand 
alone, without exclusion of air, showed a 50 per cent increase in 
total lipid (from 64 to 95 mg. per 100 gm. of suspension). This 
increase occurred mainly in the unsaponifiable fractions, and there 
was an almost complete disappearance of the free fatty acids. 
Similar, though less pronounced, changes occurred in the presence 
of sea bottom mud. 

As this finding was of interest in its possible bearing on the 
hypothesis (6, 7) that petroleum originates in deposits of marine 
plankton, a second experiment (Table III) was carried out a year 
later, with diatoms collected early in April, 1939. In this case the 
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control analysis was performed on a portion of the suspension 
which had immediately been treated with an equal volume of 
acetone. However, after 6 months the total lipid content had 
fallen to less than one-half of its original level; while the total 
hydrocarbon content of the diatoms remained essentially un- 
changed, it constituted an increased fraction of the total lipid. 
These differences may possibly be due to differences in the putre- 


TABLE II 


Lipid Fractions Isolated from Diatom Suspensions and Mud 


100 gm. diatom sus 


100 gm. diatom 100 gm. mud 


suspension pension + 100gm.mud 
i ; PSR | ial 
6 mos. 
8 days in | 6 mos. in | 8daysin 6 mos. in —_——— 
air air } air air | - | In nitro- 
| In air gen 
mg. mg. mg. mg. mg. | mg. 
| 
Free acids 13 1 8 ana i 5 
Combined acids 13 34 6 11 6 7 
Alcohols 2 14 2 4 7 4 
Hydrocarbons 3 23 12 6 32 19 


TaBie III 
Lipid Fractions per 100 Gm. of Dry Diatoms 





Diatoms, fresh Diatoms, 6 mos. 


aerobic 
qm. gm. 
Free acids 4.6 1.1 
Combined acids 1.0 ° 0.5 
Alcohols 0.3 0.2 
Hydrocarbons 1.4 1.3 


factive organisms; in this second experiment a mold? grew in large 
amounts. 

The hydrocarbon fraction obtained from a relatively large catch 
of diatoms (Sample C, Table I) yielded a crystalline paraffin hydro- 
carbon, possibly impure hentriacontane, the presence of which in 
the lipids of some higher plants has been reported by various 
investigators. The unsaponifiable material also contained a 

* Kindly identified as Mucoraceae cunninghamella by Dr. E. D. Dela- 
mater of this School 
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digitonin-precipitable fraction from which there was obtained a 
crystalline product that appeared to consist of sitosterols. 

It was thought that the presence of so much free fatty acid in 
the living diatoms, in contrast to other organisms, might be asso- 
ciated with the occurrence of a high proportion of free silicic acid. 
Analyses were accordingly made of the lipids and residual tissues 
of samples of mixed marine diatoms, a siliceous fresh-water sponge,’ 
and two marine sponges,‘ all of which had been covered with 
acetone immediately after collection. The results (Table IV) 
indicated no such parallelism; the sponge oils all contained appre- 
ciable amounts of free fatty acid, but the level was not higher in 
the siliceous than in the calcareous sponges. 


























TaBLe IV 
Fatty Acid, Silica, and Calcium in Diatoms and Sponges 
Organism Total lipid | Free fatty Total siliea| a 
~ aad Rae te 
per cent, per cent on. oon | poop —4 
dry basis | totalacids | extract ed | extracted 
tissue | tissue 
Diatoms (mixed marine).. 5 | 78 | 6.4 | 1.7 
Siliceous sponge, — la- | 
custris.. ka > | = | 6.9 0.4 
Red sponge, “‘Tedania ignis.. 4 41 1.0 6.3 
Cap “ Hircinia campana. 5 17 0.1 | 2.4 
EXPERIMENTAL 


The methods employed are exemplified by the treatment to 
which the diatom Sample C (Table I) was subjected. 

Total Lipid—The suspension was filtered; the filtrate was 
shaken with ether and the residue on the filter exhaustively 
extracted with ether. The combined ethereal solutions were 
evaporated to dryness; the residue was taken up in petroleum 
ether and filtered. This filtrate contained 17.6 gm. of lipid; the 
weight of dry, ether-insoluble residue was 96 gm. 

Free Fatty Acids—The above petroleum ether solution (about 1 


® Collected by Dr. P. Conger at the Lake Laboratory of the University 
of Wisconsin. 

‘Collected by Dr. Hugh H. Darby at the Tortugas Laboratory of the 
Carnegie Institution of Washington. 
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liter) was shaken repeatedly with small portions of a 0.5 per cent 
solution of potassium carbonate in 50 per cent methyl alcohol, 
until no further acids were extracted. The upper layer contained 
6.88 gm. of neutral lipid; the combined aqueous-alcoholic solutions, 
on acidification and extraction with petroleum ether, yielded 9.88 
gm. of free fatty acids. These were separated by means of the 
lead salts into 1.755 gm. of saturated and 7.089 gm. of unsaturated 
acids. 

Fractionation of Fatty Acids—The mixture of saturated fatty 
acids (1.755 gm.) from the free acid fraction showed on titration 
an average equivalent weight of 253. The material was con- 
verted into the methyl esters, which were distilled under 0.005 
mm. pressure. A series of six fractions was collected, the saponifi- 
cation equivalents of which, according to the method of Lovern 
(8), showed the presence of 60 per cent palmitic acid, 36 per cent 
stearic acid, and only minute proportions of lower and higher 
homologues. 

The unsaturated acids from the same fraction had an average 
equivalent weight of 296. They were hydrogenated in petroleum 
ether solution with a palladium catalyst; the uptake corresponded 
to 1.96 moles of hydrogen per mole of acid. The resulting mixture 
of saturated acids was separated into a solid fraction (2.598 gm.) 
and a liquid fraction (4.304 gm.) of which the lead salts were 
respectively insoluble and soluble in methyl alcohol. These were 
converted into the methyl esters and fractionated by Lovern’s 


method. 
Cu =Cre Cis Coo Co2-24 Cos-so 
Solid acids 7 29 7 20 37 
Liquid acids 26 13 19 31 11 


These results resemble in general those secured by Lovern (3) with 
the total acids of Nitzschia clostertum. 

Combined Fatty Acids—To the neutral lipid in 200 ec. of petro- 
leum ether, 200 ec. of 4 per cent methyl alcoholic potassium 
hydroxide were added, and the mixture was shaken intermittently 
for 2 days, whereupon 200 cc. of water were added. The lower 
layer was separated, washed with petroleum ether, acidified, and 
extracted with petroleum ether. The resulting fatty acids weighed 
2.806 gm. These were separated into 0.478 gm. of saturated and 
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2.109 gm. of unsaturated acids. The unsaponifiable material 
weighed 3.658 gm. 

The acid aqueous solution, after the removal of fatty acids, 
yielded 0.315 gm. of glycerol, identified as the tribenzoate (m.p. 
and mixed m.p. 72°). 

Alcohol Fraction—To the carefully dried unsaponifiable material, 
dissolved in 20 cc. of dry pyridine, 10 gm. of succinic anhydride 
were added. The mixture was warmed on the steam bath for 1 
hour, allowed to stand overnight at room temperature, and poured 
into 400 cc. of water. After an hour the resulting suspension was 
extracted with ether and the ethereal solution repeatedly washed, 
first with 0.5 N sulfuric acid and then with dilute sodium carbonate. 
The alkaline washings were acidified. The 1.448 gm. of crude 
acid succinic esters extracted by ether were subjected to alkaline 
hydrolysis, when 1.189 gm. of aleohols were secured. 

Hydrocarbon Fraction—The neutral ethereal solution from which 
the acid succinates had been removed contained 2,405 gm. of 
hydrocarbon fraction (which comprised any non-hydroxylated 
ketones that may have been present). This was dissolved in hot 
methyl! alcohol, and the solution was chilled with solid carbon 
dioxide and centrifuged at 0°. Further crops of crystalline mate- 
rial were secured from the mother liquor. The solid material, 
recrystallized from ethyl acetate, yielded a pale yellow, crystalline 
product, m.p. 57°, which was distilled at 150° and 0.02 mm. 
pressure. The colorless distillate was recrystallized to a constant 
melting point of 59°. The product (0.269 gm.) was inert towards 
bromine and hot concentrated sulfuric acid. Its composition and 
molecular weight correspond with those of hentriacontane, but the 
melting point is 9° lower. 


CyHey. Calculated. C 85.22, H 14.78, mol. wt. 436 
Found. “so * 34s. i ‘© 431 


Sterol Fraction—The insoluble digitonide from the unsaponifia- 
ble fraction (1.0 gm.) of Sample A of Table I weighed 1.0 gm.; it 
was decomposed according to the method of Schoenheimer and 
Dam (9) and yielded 103 mg. of a sterol which crystallized in long 
needles from petroleum ether. This product was repeatedly 
recrystallized from 95 per cent ethyl alcohol, until no further 
change in melting point (138°) was observed. It showed [a], = 
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—41.6° (in chloroform), and gave a blue-green color in the Lieber- 
mann-Burchard reaction but none in the Rosenheim test. The 
acetate had a melting point of 132°, [a], = —22.9° (CHCI,). 


Cay H520r. Calculated. C 81.51, H 11.48 
Found. ** 81.3, “ 10.7 


SUMMARY 


1. The lipids of freshly collected marine diatoms contain a very 
high per cent of free fatty acid, apparently irrespective of species. 

2. When a suspension of diatoms is allowed to stand for 6 
months, the content of free acids falls markedly, and the content 
of hydrocarbon may rise. 
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THE PASSAGE OF PROTEIN MOLECULES THROUGH THE 
GLOMERULAR MEMBRANES* 
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Pennsylvania, Philadelphia) 


(Received for publication, August 4, 1941) 


We conceive of the glomerular membrane as a thin composite 
structure, the complex molecules of which are so arranged as to 
form liquid-filled passages or pores through which a filtrate can 
be expressed from the blood plasma. Analyses of the glomerular 
filtrate obtained from Amphibia and study of the renal excretion 
of the polysaccharide inulin (1) and of different proteins have 
yielded information with which the permeability of the membrane 
may be defined and thus by inference a description of its character 
approached. Normally, serum proteins do not pass through it. 
The smallest of these is serum albumin (molecular weight 70,000) ; 
hence we say tentatively that all of the pores of the membrane are 
smaller than the diameter of the serum albumin molecule. Aiming 
to decide whether other factors than molecular weight and size 
determine the passage or non-passage of a substance through the 
glomerulus, we have studied the glomerular excretion of several 
proteins, the molecular weights of which lie between those of 
inulin and serum albumin. 

Mainly two types of experiments have been performed: (a) 
“direct”? experiments in which glomerular fluid collected from 
Bowman’s capsule was analyzed for protein by an ultramicro- 
method which will be described. The collections were made from 
amphibian kidneys (chiefly of Necturi) during perfusion with pro- 
tein solutions; (b) ‘indirect’? experiments (chiefly on frogs) in 


* The expenses of this work have been defrayed in large part from a 
grant by the Commonwealth Fund of New York. A preliminary report 
was made to the Physiological Society of Philadelphia in October, 1940 
(see Am. J. Med. Sc., 200, 847 (1940)). 
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which urine was collected from the ureters during perfusion of a 
solution containing protein and inulin and analyzed for these two 
substances. 

In addition we have performed a few experiments in which the 
rate and completeness of excretion of protein injected into normal 
dogs was compared with that of inulin similarly injected. 

Procedure for Perfusion Experiments—Proteins, sometimes to- 
gether with inulin, were made up in frog Ringer’s solution (2) con- 
taining no glucose or glycine. The oxygenation was accomplished 
in most cases by bubbling a mixture of 98.5 per cent oxygen and 
1.5 per cent carbon dioxide through the solution by means of a 
sintered glass bubbling tube. In several experiments solutions 
were subjected to a pressure of 10 atmospheres of the gas mixture 
mentioned above for approximately 45 minutes for oxygenation. 
The pH of the perfusion fluid was approximately 7.4 except 
when otherwise noted. After oxygenation the fluids were filtered 
through rapid filters into perfusion bottles. 

The various proteins used. were crystalline albumin of hen’s 
and duck’s eggs, Palmer’s lactoglobulin (3), amorphous and crys- 
talline (zinc) insulin, all of which have molecular weights of 34,000 
to 46,000 (4-7)' and are placed in the 35,200 group of Svedberg’s 
classification, purified protein derivative (PPD-49609) from tuber- 
culin (8, 9) with a weight of about 14,500, and, as a control, erys- 
talline horse serum albumin. Attempts were also made to use 
the protamine, salmine (the molecular weight may be 5600 (10)), 
but this material proved toxic to the kidney. Details concerning 
the preparation of proteins? and protein solutions are as follows: 

Hen’s egg albumin was crystallized at least three times by the 
Sérensen (ammonium sulfate) method or by the Kekwick and 
Cannan (11) (sodium sulfate) method. After removal of sulfate 
by dialysis, some of the solution was used immediately for per- 


' Since it is impossible to quote the large number of original papers, 
we are referring to recent publications in which data from such sources 
are assembled and discussed. 

2 It is a pleasure to acknowledge our gratitude to Dr. Florence Seibert 
of the Henry Phipps Institute for the purified protein derivative of tuber- 
culin, to Eli Lilly and Company for insulin, to Sharp and Dohme for salmine, 
and to Professor B. M. Hendrix for sending one lot of partially purified 
duck’s egg albumin from Texas at a time when we were unable to obtain 


duck’s eggs. 
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fusion; the larger part of it, however, was lyophilized in small 
containers and kept in vacuo until used. When lyophilized albu- 
min was used, it was first dissolved in water and any protein which 
did not dissolve at this pH (the isoelectric point) was filtered or 
centrifuged off. The pH of the solution was raised to at least 6 
by the addition of sodium hydroxide before the various constitu- 
ents of the Ringer’s solution were added. The pH of the oxygen- 
ated solutions was 7.4. One portion of lyophilized egg albumin, 
made up into perfusion fluid and aerated as usual, was used 
for sedimentation in the ultracentrifuge. We are indebted to 
Dr. Bauer and Dr. Pickels of the International Health Division 
of the Rockefeller Foundation for this determination which showed 
the protein to be homogeneous and to have a sedimentation con- 
stant Soe & 10-% = 3.51 which compares well with that of 3.55, 
the latest figure from the Svedberg laboratory (7). Photographs 
of the boundary movement are shown in Fig. 1. 

The same methods of purification were applied to duck’s egg 
albumin but the crystals obtained, although pure white, were 
never clear cut as in the case of hen’s egg albumin. 

Lactoglobulin was prepared as described by Palmer (3) with 
the use of ammonium sulfate and recrystallized twice. The 
crystals were beautifully clear cut tabular crystals and were kept 
under water, preserved with toluene. They were washed with 
water before being dissolved in the chlorides of Ringer’s solution. 

Insulin—Both amorphous and crystalline zine insulin were 
supplied by Eli Lilly and Company. Since Sjégren and Svedberg 
(see (7)) had shown that pH 7 is the upper limit of the stability 
range for insulin, all perfusion fluids in insulin experiments were 
adjusted to this value instead of pH 7.4. 

PPD-49609— This protein (8) supplied by Dr. Seibert shows a 
dry molecular weight of about 14,500 and is highly homogeneous 
in so far as the ultracentrifuge discloses but heterogeneous by 
electrophoresis. The material was supplied phosphate-buffered 
and lyophilized. It was dissolved in water under a partial vacuum 
to form a clear brown solution. In some experiments the protein 
Was simply made up with the usual chlorides and bicarbonate of 
perfusion fluid, the phosphate being omitted. In other cases the 
protein-phosphate-chloride solution was run through a Jena 
bacterial filter before use, since a fine precipitate was removed in 
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this way. This precipitate may have formed by interaction with 
the various chlorides. It was not visible in suspension but formed 
as a thin brown layer on the filter. A second filtration of the same 





A 


' 
Fic. 1. Sedimentation of egg albumin. The horizontal arrow indicates 


boundary movement of 2.5 mm. in 1 hour, 23 minutes 
Speed = 720 revolutions 


The perpendicular 
arrow indicates the meniscus of the solution 
per second; centrifugal force = 133,000 gravity 


material showed that almost none of this precipitate was then 
present. 

Crystalline horse serum albumin was prepared from fresh horse 
serum and recrystallized as described by Sérensen. It was lyo- 
philized and formed pale yellow solutions when redissolved. 
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Salmine—‘‘Pure protamine, salmine,”’ Sharp and Dohme, 
was used. 

All the inulin used in these experiments was prepared about 
6 years ago by Dr. R. F. Jackson of the Bureau of Standards. The 
concentrations of protein in perfusion fluids depended to a certain 
extent on the availability and solubility of the material. It was 
necessary to make up several hundred ec. of fluid for each experi- 
ment. ‘The concentrations ranged from 0.05 to 2.6 per cent. Inu- 
lin, when present, was in a concentration of 0.4 to 0.5 per cent. 

In the indirect type of experiment the bullfrog kidney was 
perfused via the aorta with protein-inulin solution at a pressure 
usually near 24 em. of water. In a few instances plain Ringer’s 
solution was perfused simultaneously through the renal-portal 
circulation, but this did not alter the results. Urine was collected 
from the ureters by cannula and analyzed for protein and inulin. 
Perfusion fluids were likewise analyzed. Since it has been shown 
(1) that inulin is completely filtered through the glomeruli of 
Amphibia, and on the assumption that neither protein nor inulin is 
secreted or reabsorbed by the tubule cells, the concentration of 
protein in glomerular fluid was calculated from the results of the 
above analyses. For example, if the inulin urine to perfusion 
fluid ratio is 1.2, then the protein must also have been concentrated 
1.2 times in passing from capsule to ureter, and the urine protein 
concentration is therefore divided by 1.2 to obtain the glomerular 
fluid protein concentration. If, by this process, the concentration 
of protein in glomerular fluid is found to be only one-half of that 
in perfusion fluid, it is concluded that the glomerular membrane 
is only 50 per cent permeable to the protein. For convenience 
this will be designated as 50 per cent filtration. 

In the direct experiments glomerular fluid was collected by the 
method described by Wearn and Richards (12). Adult Necturi 
were used for this purpose, since the glomeruli are large and samples 
of the volume necessary for analysis could be collected fairly 
readily. The animals were placed in 1.5 per cent urethane solution 
for approximately 15 minutes, brain and spinal cord were then 
completely pithed, an inflow cannula inserted in the dorsal aorta 
above the kidney, and the outflow cannula in the postcaval vein. 
There are certain difficulties inherent in glomerular puncture 
perfusion experiments in these animals which make the collections 
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both difficult and treacherous. It is because of these difficulties 
that some experiments are necessarily discarded and some must 
be regarded as questionable when conditions are not perfect 
during the perfusion. 


Analytical Methods 


For Experiments on Dogs—For these experiments urinary 
protein was determined by the gravimetric method of Folin and 
Denis (13); inulin as previously described (14). 

For Indirect Experiments on Amphibia—Inulin was determined 
as the total reducing substance after the usual protein removal 
and hydrolysis (see (14)), since neither perfusion fluid nor urine 
contained glucose. The Somogyi reagent for small quantities of 
sugar (15) was used for the determination. 

Protein was determined by means of the Folin and Ciocalteu (16) 
phenol reagent as suggested by Greenberg (17). The Evelyn 
photoelectric colorimeter was used for these microdeterminations, 
modified to fit our needs. Standardization curves were plotted 
with protein solutions, the protein content of which had originally 
been determined by Kjeldahl nitrogen analysis’ (Wong’s (18) 
persulfate method). For the standardization, 0.05 cc. samples of 
protein solutions were washed into 6 cc. volumes of water in a 
series of tubes. To each of these and also to a water blank was 
added, with swirling, 0.25 cc. of 5 N NaOH. 10 minutes after 
the addition of alkali to the first tube, the addition of phenol 
reagent was begun. 0.4 cc. was added to each tube rapidly 
but drop by drop and with continuous swirling. After 15 minutes 
had been allowed for color development, readings were taken, 
with the 6 cc. aperture of the colorimeter and the No. 620 filter. 
0.05 ce. of 1.8 per cent egg albumin produced full scale deflections. 

Perfusion fluids and urines were made up for color development 
as described for the standard solutions, and readings were taken, 
and evaluated as protein concentrations on the curve. The 
error of these determinations was approximately 3 per cent. When 
it was necessary to take samples larger or smaller than 0.05 cc., 
corrections were made in the volume of water used, so that the 
final volumes remained the same. Proteins which contain more 


3 We wish to acknowledge the assistance of Miss Ethol Shiels for these 
and other analyses in the standardization of protein. 
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tyrosine or tryptophane than egg albumin gave relatively higher 
color development, so that for correct absolute values, the readings 
were evaluated from curves plotted for these proteins. Ratios 
of urine concentration to perfusion fluid concentration (and 
consequently calculated percentage filtration of proteins) were 
practically identical, however, whether the readings were inter- 
preted from the various curves mentioned or from the curve for 
egg albumin. 

The Weber colorimetric arginine method (19) was used to 
determine protamine (salmine) in a few experiments. The 
depth of color was read photoelectrically. 

For Direct Experiments on Amphibia. Ultramicro Protein 
Determination—The same method described above was used to 
determine protein colorimetrically, an ultramicro colorimeter 
being used for the readings. In this colorimeter, which was built 
for us by Dr. K. Hartline and Mr. J. Hervey, the potentiometer 
principle is utilized. The amplified photocell current is “bucked” 
against a current from a battery source, the null point being in- 
dicated by means of a milliammeter. The unique absorption 
cells, designed for the colorimeter by Dr. Hartline, are illustrated 
in Fig. 2. This type of cell met the requirements of being quickly 
and thoroughly cleaned. It is composed of three slides, each 1 mm. 
in thickness, two of which are shown (A and B) and the third of 
which (A’) is a mirror image of A. Circular grooves are ground 
into A and A’, while in B there is a circular hole completely through 
the slide. A small drop of fluid is placed on each of the surfaces 
inside of the circular grooves, while the three slides are held in 
one hand, properly oriented so that when they are allowed to come 
together they will appear as is indicated in C of Fig. 2. The volume 
of fluid held by the cell is approximately 0.025 ec. 

The range and accuracy of the colorimeter are shown by the 
results of readings taken when the cell is simply filled with solu- 
tions such as copper sulfate and indigo carmine. With concentra- 
tions of copper sulfate from 0.5 to 10 per cent which showed 
—log transmissions from 0.00358 to 0.07196, the readings ranged 
from 0.0 to 5.0 per cent from the theoretical, averaging 1.7 per 
cent. In another series of readings on indigo carmine solutions 
varying in concentration from 0.7 to 50 mg. per cent, the light 
absorption in this case varying from 4 to 90 per cent, the error 
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was even lower. This error includes that of the instrument, of 
cleaning the glass cell, and filling it with solution. 

Results on protein solution are not as good as those cited above, 
since added to these errors are those of the protein method itself 
(17), of measuring out the various reagents and the sample, as 
well as the occasional formation of bubbles. Capillary pipettes 
delivering by centrifugal force were used rather than washout 
pipettes in order to reduce the chances for bubble formation in 
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Fic. 2. Left, apparatus for ultramicro protein determination. Right, 
absorption cell for micro photoelectric colorimeter. A,B, and C are slides, 
as described in the text. The entire figure is actual size. 











these alkaline protein solutions. The manipulation of these 
pipettes will be described briefly. The protein solution (either 
standard or experimental) is transferred under the microscope 
to the capillary pipette holding about 0.5 c.mm. which is mounted 
in a glass holder similar to that described by Wigglesworth (20) 
but supplied with shoulders of rubber tubing as shown in 
Fig. 2. The filled pipette is placed in a sturdy test-tube into 
which has been measured 0.050 cc. of 0.2 N sodium hydroxide 
solution. The entire assembly (shown in Fig. 2) is then lowered 
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jnto a centrifuge cup and spun rapidly for a few seconds to dis- 
charge the sample. The pipette is removed and the fluids mixed 
by tapping the test-tube gently. After 10 minutes a pipette 
mounted similarly but made of large capillary tubing (0.6 mm. 
inside diameter and 11 mm. long) and holding 3 c.mm. is filled 
with phenol reagent which is delivered as indicated above. 15 
minutes later the blue solution is drawn up in a fine tipped pipette 
and transferred to the absorption cell as previously described. 
In nineteen single determinations of protein in 0.5 c.mm. samples 
of 0.2 to 3.8 per cent protein solutions the average error was 4.9 
and the range of error 0.0 to 14.7 per cent. In only two of the 
experiments was the error above 10 per cent. 


Results 


The results of thirty-two “direct”? glomerular puncture experi- 
ments and over 50 “indirect” experiments are given in Tables 
[and II. That there are more figures for hen’s egg albumin than 
for any of the other proteins is due to the fact that, being most 
easily prepared, it was used as a basis for comparison with each 
of the others, and for experiments made to test technique. 

The direct glomerular puncture experiments show that on the 
average the concentration of hen’s egg albumin in the glomerular 
filtrate in Necturt is 58 per cent of that of the perfusion fluid 
(range, 38 to 84). The indirect experiments on frogs gave an 
average value of 57 per cent (39 to 77). This surprisingly close 
agreement is testimony to the validity of the indirect experiment. 
Right different lots of the hen’s egg albumin were prepared for 
these experiments at different times; no significant differences 
ascribable to different preparations were observed. The con- 
centrations of the protein in the perfusion fluid in different experi- 
ments varied from 0.1 to 2.6 per cent. These differences did not 
affect the percentage filtered. The close agreement of the two 
methods can be used as evidence that neither inulin nor hen’s 
egg albumin is reabsorbed from the tubules. The conclusion 
from these experiments is that the permeability of the glomerular 
membrane to hen’s egg albumin is incomplete. It might be 
justifiable to say that only from 45 to 70 per cent of the surface 
of the membrane or of the pores in the membrane permits the 


passage of that protein. 
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TaBLeE I 
Protein Perfusion Experiments on Necturi, Glomerular Punctures (Direct) 








Hen's egg albumin Duck's egg albumin Lactoglobulin 








Perfusion) Glomer- | Per cent | Perfusion | Glomer- | Per cent | Perfusion | Glomer- | Per cent 
fluid | ular fluid | filtered fluid ular fluid | filtered fluid ular fluid | filtered 


percent | per cent percent | percent per cent per cent 


1.16 | 0.88 76 | 0.65 | 0.27 42 1.00 | 0.70 | 7 
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0.94 0.36 38 | 0.53 0.28 53 0.74 0.57 77 
0.77 0.39 51 0.51 0.29 57 0.58 0.51 8S 
0.68 0.41 60 0.49 0.47 06 0.53 0.54 102 
0.66 0.32 49 0.47 0.45 6 0.44 0.37 84 
0.66 0.55 83 0.41 0.24 5S 0.40 0.41 103 
0.56 0.46 82 0.22 0.14 64 
0.54 0.29 54 0.17 0.14 82 
0.54 0.26 48 

0.48 0.2 48 

0.48 | 0.24 50 


0.47 | 0.20 43 


0.44 0.22 50 


0.42 0.30 71 
0.42 0.24 57 
0.41 0.19 16 


TABLE II 


Per Cent Filtration of Various Proteins 


By analysis of glomerular By indirect method; 
fluid; Necturus frog 
— Protein 
y lo of a T- 
No. of Range of Aver- N Range Aver- 
experi- results ze pe of age 
ments ments resuits < 
70,000 | Crystalline horse serum Practically no filtration 
albumin 
Crystalline hen’s egg 17 38- S4 5S 50 | 39-77 | 57 
albumin 
ee Duck’s egg albumin 6 $2— 96 67 5 53-58 | 55 
35,200 |) ; ‘ =o on | oe 
«Crystalline lacto- S 64-103 84 S 72-85 79 
class | *° : 
globulin 
Amorphous insulin | 24 24 | 15-20 | 18 
(Crystalline zine insulin | 22-42 | 32 
14,500 PPD from tuberculin 6 76-95 | 86 


We were interested in trying duck’s egg albumin, since there 
was some evidence that this protein was more homogeneous 
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electrophoretically than that of the hen’s egg (21, 22). Only 
one component has been demonstrated for the former; the latter, 
which, it must be said, has been studied more completely, shows 
more than one. In spite of this both showed approximately the 
same percentage filtration through the glomeruli. It may be a 
coincidence that the results of indirect experiments on duck’s 
egg albumin were all within a narrow range (53 to 58 per cent). 
It happens that two of the direct experiments indicate almost 
complete filtration. This may mean either that the membranes 
in these cases were abnormal or that there was an undetected 
flaw in the technique used during the glomerular puncture. We 
are of the opinion that, could more experiments be performed, 
the results of these would be similar to those indicated by the 
other experiments; namely, 40 to 60 per cent filtered. 

The membranes appear to be more permeable to Palmer’s 
lactoglobulin (3), a protein of the same molecular weight group 
(7) as egg albumin. The filtration percentage is from 72 to 85 
in the bullfrog experiments and 64 to 103 in the Necturus puncture 
experiments. Here again we see a larger range in the latter 
type of experiment, but average values agree fairly well. 
Although there is an overlapping of the filtration ranges for egg 
albumin and lactoglobulin, because of the variation from animal 
to animal, it will be shown later that, whenever the two proteins 
were perfused through the same kidney, the permeability toward 
lactoglobulin was always greater. 

Insulin is another protein of this molecular weight group. 
Although the homogeneity as to particle size, especially under the 
conditions of the experiments, cannot be considered assured, the 
results may be of interest.‘ In three experiments with amorphous 
and crystalline zine insulin (one direct and two indirect) the per- 
meability shown by the membrane toward this protein was only 
15 to 24 per cent. 

The small molecule, PPD-49609 from tuberculin, showed the 
highest filtration, as was to be expected from its low molecular 
weight (14,500) (8). Because of the value of this material, we 
preferred to use it in several indirect experiments rather than to 
chance the use of approximately the same amount necessary for a 

* The same is true of samples of Bence-Jones protein kindly supplied by 
Dr. Grace Medes of the Lankenau Hospital, Philadelphia, and by Professor 
D. W. Wilson; these showed filtration values of 20 to 48 per cent. 
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single puncture experiment. Assuming that the tubules act 
toward this protein as they do toward the others, we must conclude 
that the PPD is not quite completely filtered. 

Attempts to use salmine were unsuccessful, because the material 
was too toxic to the kidney even in a concentration of 0.1 per 
cent. When perfusion began, the membranes seemed to be nearly 
completely permeable to the protamine, but since permeability to 
horse serum albumin developed in about 5 minutes and continued 
even after protamine perfusion had been discontinued, it is danger- 
ous to consider the permeability to protamine as normal. Nor- 
mally the glomerular membranes were practically impermeable 
to horse serum albumin, which has a molecular weight almost 
twice that of egg albumin. 

Additional Information Obtained by Indirect Method—The 
indirect method of determining permeability of the glomerular 
membranes to various proteins is advantageous in several ways: 
With the same amount of perfusion fluid and in the same time 
required for the collection of an ultramicro sample (0.5 ¢.mm.) 
of glomerular fluid, it is possible to collect several samples of 
urine large enough (about 0.4 to 1.0 cc.) to [permit the analysis 
for inulin and protein by means of micromethods. Obviously 
one may perfuse first with one kind of protein, and follow with 
another, sometimes including as many as four different kinds of 
proteins in the same experiment while the kidney is still function- 
ing normally. It is possible to observe any alteration in permea- 
bility of the membrane due to the passage of protein through it 
and to observe as well the influence of various drugs on permea- 
bility. The results of five experiments of this type are given in 
Table III. In the first three it is demonstrated that different 
proteins may be perfused in the same experiment, with proper 
washout periods between collections, and that approximately 
the same result is obtained for a certain protein each time it is 
used. These same experiments show the difference in permeability, 
in the same kidney, toward the different proteins. There is no 
evidence here of any influence of a protein on the permeability of 
the membrane except, possibly, in the case of insulin, as indicated 
in the fourth experiment. The results in this and another insulin 
experiment suggest that each time the insulin is perfused there is 
a slight increase in the percentage of this protein filtered, and 
also there seems to be an increase in permeability toward egg 
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albumin. We have had to use a pH of 7 throughout the insulin 
experiments, since that is the upper limit of the pH stability 
range for insulin (7). This could possibly have influenced the 
results, but in experiments in which we have used much lower pH 
in perfusing other proteins, the filtrations were decreased rather 


TABLE III 
Indirect Experiments on Bullfrogs 




















33 Protein 
} | 85 | - 

wae Protein perfused | 6 § 3 $ 23 
| | gi | 23] ¢ | ef] 88 
gs e= 5 a" a 

- Bw eee te 

per per 

| cent | cent | cent 
1 1 | Hen’s egg albumin | 1.15 |0.63 |0.36 |0.31 | 49 
2 | Lactoglobulin | 1.19 |0.58 |0.52 0.44 | 76 
3 | Hen’s egg albumin 1.16 /0.63 /0.39 10.34 | 54 
4 | Lactoglobulin 1.17 (0.58 |0.54 |0.46 | 79 
2 / 1 | Duek’s egg albumin 1.21 }0.64 |0.44 |0.36 | 56 
2 | Hen’s se 1.10 |0.58 |0.33 |0.30 | 52 
| 3 | Laectoglobulin | 1.15 }0.47 |0.42 10.37 | 79 
4 | Duck’s egg albumin , 1.11 10.64 (0.40 [0.36 | 56 
3 | 1 | Hen’s ‘ 1.30 |0.130)0.095}0.073| 56 
2 | PPD 1.05 |0.107}0.095)0.091) 85 
3 Hen's egg albumin 1.10 |0.130/0.080/0.073) 56 
4 | gg albumin , 1.19 10.31 }0.175)0.147) 47 
2 | Amorphous insulin 1.26 |0.50 |0.095)0.076) 15 
3 Egg albumin 1.15 |0.31 |0.175)0.152) 49 
4 | Amorphous insulin 1.11 |0.50 }0.100/0.090}) 18 
5 | Egg albumin 1.03 {0.31 |0.180)0.175| 56 
6 | Amorphous insulin 1.10 }0.50 |0.110/0.100}) 20 
7 | Egg albumin 1.05 |0.31 (0.210)/0.200) 64 
5 ] = 5 1.320)1.01 |0.80 |0.606; 60 
2 + 7% urethane, 0.995)1.00 |0.84 10.844) 84 
3 +7%  “  — 0.995/1.00 [0.94 |0.946| 95 
4 +7% “ 0.997|1.00 |0.97 0.973} 97 
5 +7% “| 0.998/1.00 |1.00 |1.00 | 100 








than increased. Insulin was the only protein studied (aside from 
the protamine, salmine, which was decidedly toxic) which appeared 
to affect the permeability of the glomerular membranes in these 
experiments. 

Ethyl urethane in concentrations up to 5 per cent perfused in 
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plain Ringer’s solution between egg albumin perfusions or added 
to the albumin fluid itself did not alter permeability, but in a 
concentration of 7 per cent increased permeability gradually 
(see Experiment 5 of Table III) and in a concentration of 10 per 
cent increased it quickly and completely. With the higher con- 
centrations of urethane, the membranes also became permeable 
to horse serum albumin, while normally, and in the presence of 
urethane under 5 per cent, they were practically impermeable to 
this protein. Whenever permeability was increased, there were 
also other signs of toxicity; the inulin urine to perfusion fluid 
ratio usually dropped to 1 or sometimes even slightly below 1. 
Sodium glycocholate added to egg albumin perfusion fluid 
to make a concentration of 0.1 per cent resulted immediately in 
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Fie. 3. Urinary excretion of injected inulin and egg albumin by the 


normal dog. 


almost complete permeability to egg albumin. ‘The same con- 
centration of glycocholate also makes the membrane partially 
permeable to horse serum albumin. Concentrations of 0.02 per 
cent or below do not readily affect permeability. Contrary to 
expectations, the presence of 20 mg. per cent caffeine in an egg 
albumin perfusion fluid decreased the permeability slightly, as 
shown by the following percentage filtration: control 48, caffeine 
42, control 47, caffeine 39, control 48. Cyanide in concentrations 
from 0.001 to 0.01 m had no marked effect on the filtration of 
egg albumin. Sometimes there was a slight increase and some- 
times a decrease, both of which were within the range of experi- 
mental error. 

Excretion of Protein in Normal Dog—Two unanesthetized dogs, 
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injected intravenously with 0.11 and 0.14 gm. of horse serum 
albumin per kilo of body weight, showed only traces of protein 
in the urine. Several dogs, injected with the same or larger 
amounts of egg albumin, promptly excreted protein in high 
concentration. The excretion of inulin and egg albumin after 
injection of about 3 gm. of the former and 3.4 gm. of the latter is 
graphically represented in Fig. 3. The cumulative excretion 
curves indicate that, although the protein is eventually excreted 
almost as completely as the inulin, the rate at which it is excreted 
is slower. There may be other explanations for this result but it 
certainly supports the belief that the glomeruli in this animal are 
considerably less permeable to egg albumin than to inulin. This 
would, of course, be in agreement with the results obtained on 
Amphibia. 


DISCUSSION 


The finding of practically complete impermeability of the 
glomerular membranes toward serum albumin, only partial 
permeability in the case of proteins with molecular weights 
approximately one-half that of serum albumin, and almost 
complete permeability in the case of the smallest protein (14,500 
mol. wt.) agrees, on the whole, with the concept set forth in the 
introduction, that the passages in the membrane may be of various 
sizes, all of them being large enough to allow inulin to pass through 
with water but almost none of them large enough to allow the 
passage of horse serum albumin. We do not find, as is the im- 
pression gained from the statements of Bayliss, Kerridge, and 
Russell (23) concerning the mammalian kidney, that egg albumin 
is completely filtered. In other words, there appear to be some 
pores large enough for the passage of inulin but not of egg albumin. 
The observations nevertheless do not rule out the possibility that 
the pore size difference may be only “apparent” and that the 
results are due to some other characteristic of the membranes. 

Since the diameter of the PPD-49609 has been found (9) to 
be approximately 20 A., our data may be interpreted to mean that 
the mesh size over most of the glomerular membrane may be at 
least of this order. However, the difficulty which arises when we 
attempt to interpret the difference in filtrability between molecules 
supposedly of approximately the same size (especially egg albumin 
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and lactoglobulin) should serve to caution us in drawing too rigid 
conclusions and to remind us of the many complicating factors in 
the use of such test substances. We are mindful of the stimulating 
but complicating discoveries concerning the effects of other 
substances, of concentration, dilution, and even environment on 
the association and dissociation of the protein aggregates of which 
not only our test substances but possibly the membranes them- 
selves are made (5-7). In an attempt to learn the condition of 
the egg albumin exactly as used experimentally, one portion of 
perfusion fluid containing this protein was subjected to ultra- 
centrifugation with the result discussed earlier in the paper; 
the protein proved to be homogeneous, with a sedimentation 
constant characteristic of the pure protein. This is important 
evidence in support of the presumption that this protein has not 
been altered in any way so as to affect molecular weight by the 
procedures used, before it reaches the kidney. Moreover, there 
was no precipitation of egg albumin in perfusion fluid when the pH 
was brought back to the isoelectric point by the addition of acid. 
This and the easy crystallizability of egg albumin in these solutions 
when ammonium sulfate is added indicate that no denaturation, 
partial or complete, has taken place. Solutions oxygenated by 
pressure, a technique which provides less opportunity for surface 
denaturation,® behave similarly and show the same filtration. 
It seems relatively certain, then, that the egg albumin particles 
as used are unaltered. Molecular weights of proteins are usually 
given as dry weights but the weight for the hydrated egg albumin 
molecule has been calculated as 61,438 by Bull (26) and as 58,000 
by Adair (27) who believes the molecule approximately spherical 
with a minimum radius of 26.4 A. If these figures are accepted 
as correct, our data may be interpreted as signifying that the 
mesh size over about one-half of the glomerular membrane is at 
least 50 A. in diameter, since the proteins as they exist in our per- 
fusion fluids must be hydrated. 

If egg albumin is taken as a standard, the filtration of lactoglob- 
ulin seems too high on the basis of weight or size. The wet molec- 
ular weight of lactoglobulin as determined from x-ray data by 
Crowfoot and Riley (see (6)) is 67,000 and the molecular volume 


‘Comparatively enormous pressures are required to denature proteins 
as was done by Bridgman (24) and Dow and Mathews (25). 
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88,000 cu. A. Although we have no confirmatory molecular 
weight data on our own preparations of lactoglobulin, we have 
indication that the protein molecules have not been altered, in that 
the same results were obtained whether the solutions were aerated 
by pressure or by bubbling. Also, the protein did not precipitate 
out at the isoelectric point in salt solution. We have been 
unable, however, to recrystallize the lactoglobulin after it has 
been made up into perfusion fluid. Since the crystallization of 
this protein is not ordinarily as readily accomplished as is the 
ease with egg albumin, this may not necessarily indicate that 
there has been some change in the lactoglobulin. The possibility 
of a partly denatured protein cannot be entirely ruled out, al- 
though it seems unlikely. Artificial membranes, prepared by 
treating No. 300 cellophane with zinc chloride (28) so that they 
became approximately 50 per cent permeable to egg albumin in 
perfusion fluid, were also 50 per cent permeable to lactoglobulin.® 
Since these membranes also allow the passage of a significant 
amount of serum albumin, it is probably true that they have a pore 
size distribution different from that of the glomerular membranes. 
However this may be, the suggestion remains that the glomerular 
membranes are in some way different from cellophane membranes 
which allow the passage of the same portion of egg albumin. 

The sign and magnitude of the net charge of the protein molecule 
may be of importance in filtration through animal membranes. 
The work of Amberson and Klein (29), of Webster, Engel, Laug, 
and Amberson (30), of Ingraham and Visscher (31), and others has 
indicated that this may be a factor. The sign of the charge of the 
protein molecules used in our experiments must, with one ex- 
ception, be negative, since the pH of the perfusion fluids is far 
above their isoelectric points. The exception is that of salmine, 
whose isoelectric point is so high that the particle bears a positive 
charge. The magnitude of the charges of the two proteins whose 
filtration differences are most puzzling to us (egg albumin and 
lactoglobulin) must be very nearly the same though perhaps not 
identical. Kekwick (32) has recently shown that in a mixture of 


* We were privileged to obtain preliminary information concerning the 
filtrability of proteins through such membranes from Dr. W. B. Seymour 
of the Department of Medicine, Western Reserve University The figures 
reported here are from our experiments. 
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0.55 per cent egg albumin and 0.51 per cent lactoglobulin in 
phosphate buffer at pH 8 and ionic strength of 0.1, ‘“The mobilities 
of these two proteins are very close, under the conditions used, 
and the separation achieved is not sufficient to warrant an analysis 
of the curve into two simple eurves corresponding to each com- 
ponent.”” It seems doubtful therefore, though not impossible, 
that the kidney could separate these two proteins because of 
differences in their net charges. Attempts were made to perfuse 
proteins at their isoelectric points and, although the conditions 
here were very unphysiological, a difference in filtration per- 
centages persisted. 

Mixtures of the two proteins gave percentage filtration figures 
intermediate between those of the two proteins perfused separately, 
discouraging the idea that either protein caused some change 
in the membrane which would make it more or less permeable. 

One striking difference in the characteristics of the two proteins, 
egg albumin and lactoglobulin, is in the magnitude of their dipole 
moments (see (5) and (10) for references). A high dipole moment 
such as that of lactoglobulin may indicate either an elongated mole- 
cule or an unsymmetrical charge distribution. If the first explan- 
ation holds for this case, it might be possible for lactoglobulin 
molecules oriented properly to slip through pores which would not 
allow the passage of more spherical egg albumin molecules of ap- 
proximately the same weight. If the second explanation holds, 
it might also be argued that a large mass of positively charged 
groups at one side of the particle with negatively charged grcups at 
the other side could also help to orient the molecules with respect to 
the membrane pores if these pores carry a charge. 

Again using egg albumin as the standard, we find the filtration 
percentage for insulin comparatively low. The ultracentrifuge 
studies (7) on insulin show dry molecular weights of 35,100 and 
10,900. More recent x-ray studies by Crowfoot (6) give a dry 
molecular weight of 37,400, wet molecular weight of 52,400, and 
volume per “‘wet’’ molecule of 67,000 cu. A. On the basis of 
size therefore, there is no reason to expect insulin to pass through 
the glomerular membranes less readily than egg albumin. The 
only dielectric dispersion data now available for insulin have been 
obtained in propylene glycol (5). We have, in short, no explana- 
tion for the comparatively low results with insulin but, as indicated 
earlier, our insulin experiments are open to the criticism that we 
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have little information concerning the dispersion of the protein 
in the solutions as used. 

Recently several papers concerned with the excretion of hemo- 
globin have appeared in the literature (33, 34). Hemoglobin is 
excreted in the urine even though its molecular weight is regarded 
as near that of serum albumin. We have not used hemoglobin 
in any of our experiments as yet and do not believe that our results 
are necessarily in disagreement with these findings. Possibly 
the fact that this protein seems to be dissociated and associated 
rather readily (7) has not been given sufficient consideration. 
Although the concentrations of protein solutions and the conditions 
of our experiments may not be such that “athrocytosis” (34, 35) 
could be detected, we have not been able to demonstrate “re- 
absorption” due to this cause as is suggested by Monke and Yuile 
(34) for hemoglobin. 


SUMMARY 


1. A large number of direct (glomerular puncture) and indirect 
(protein-inulin) experiments have been performed on Amphibia 
to determine the extent of permeability of the glomerular mem- 
branes to small protein molecules. 

2. Agreement between the results of the two methods is suf- 
ficiently good to warrant the belief that results obtained by the 
indirect method are not influenced by reabsorption of protein. 

3. Although the glomerular membranes were found to be par- 
tially permeable to each of the proteins of the 35,200 molecular 
weight group, differences existed between the extents of this 
permeability toward the various proteins. 

4. The purified protein derivative (mol. wt. 14,500) is filtered 
more completely than proteins of the group mentioned above. 

5. In the light of present knowledge of the size of protein mole- 
cules it appears that most of the mesh surface of the glomerular 
membranes is coarse enough to permit the passage of particles 
about 20 A. in diameter and that only one-half of it allows particles 
of about 50 A. to go through. 

6. Permeability of the membranes to proteins appears to be 
grossly according to size of particles, but there is a possibility 
that other factors influence the relative permeability toward 
particles of approximately the same size. 

7. The indirect method provides an approach to measurement 
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effects on glomerular permeability. A few experiments il- 


lustrating this have been made with drugs and poisons. 
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For the determination of adenosine-5’-phosphoric acid and its 
homologues the methods which have been recommended chiefly 
are (1) enzymatic deamination by deaminase and quantitative 
determination of the ammonia split off (1); (2) determination on 
the basis of the pharmacological activity, (a) contraction of the 
isolated guinea pig uterus, (b) the characteristic change in the 
electrocardiogram upon intravenous injection into the rabbit (2); 
(3) isolation of the adenine by acid hydrolysis and nephelometric 
determination of its silver salt by comparison with standard 
solutions (3). 

Each of these methods may have its advantages for the investiga- 
tion of special problems. There exist, however, cases in which 
none of them yields satisfactory results, particularly if a high 
specificity is required and if only small amounts of adenylic acid 
are available. By methods (2) and (3) differentiation between 
adenosine-5’-phosphoric acid and adenosine-3’-phosphoriec acid! 
is impossible; whereas, by method (1) adenosine as well as ade- 
nosine-5’-phosphoric acid is determined. Furthermore, in the 
latter method relatively large amounts are required, since the 
adenylic acid is the substrate of the enzymatic reaction. Despite 
the fact that the coenzyme properties of adenosine-5’-phosphoric 


* This investigation has been aided by grants from the John and Mary R. 
Markle Foundation and Anheuser-Busch, Inc., St. Louis, for which we wish 
to extend our sincerest thanks. 

‘For adenosine-5’-phosphoric acid and adenosine-3’-phosphorie acid 
the terms muscle adenylic acid and yeast adenylic acid respectively are 
used frequently; since these terms are misleading as far as the occurrence 
of these compounds is concerned, the chemical names are preferable. 
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acid and its homologues, adenosine diphosphate and adenosine 
triphosphate, in several enzymatic systems have been known for 
a long time, no attempt has been made to utilize this property for 
their determination as has been done with other coenzymes, as, 
for example, the codehydrogenases and cocarboxylase. 

A method is described here which had given such promising 
results in a preliminary form (4) that its systematic elaboration as 
a test reaction seemed to be desirable. 

The principle of this method is the determination of adenosine- 
5’-phosphoric acid and its homologues by their coenzyme activity 
in the enzymatic cleavage of phosphoric acid from phosphopyruvic 
acid (5): 

2 Phosphopyruvie acid + adenylic acid — 2 pyruvic acid + (I) 
adenosine triphosphate 
Adenosine triphosphate — adenylic acid + 2 phosphoric acid (II) 


In the normal course of glycolysis the phosphoric acid is esteri- 
fied with carbohydrate or creatine (6). In the absence of a suitable 
acceptor, however, free phosphoric acid appears, the amount of 
which under certain experimental conditions depends on the con- 
centration of the adenosine-5’-phosphoric acid. Since phospho- 
pyruvic acid is relatively difficult to obtain, d(—)-3-phospho- 
glyceric acid is used as a substrate. The enzyme preparations 
from muscle contain the enzymes necessary for the rearrangements 
(Reaction III) in such an amount that these reactions do not deter- 
mine the rate of splitting of phosphopyruvic acid (5). 

3-Phosphoglyceric acid = 2-phosphoglyceric acid = (IIT) 
phosphopyruvie acid 


Pillai has studied the dephosphorylation of phosphopyruvate 
under various conditions (7). He claims that beside Reactions I 
and II another mechanism of dephosphorylation exists, since 
some muscle enzyme preparations do not contain adenylpyro- 
phosphatase and therefore Reaction II seems to be ruled out under 
certain conditions. Nevertheless adenosine triphosphate is an 
essential part of this phosphoglycerate dephosphorylating system, 
according to Pillai. Therefore, the method to be described is in- 
dependent of the mechanism which predominates. 

The components of the test system are d(—)-3-phosphoglycerie 
acid as a substrate; as source of the enzymes, an extract of a dry 
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muscle preparation from which the adenosine-5’-phosphoric acids 
have been removed as completely as possible by dialysis; Mgt+ 
as a necessary activator; and varying amounts of adenylic acid or 
the solution to be tested for coenzyme activity. After the incuba- 
tion period (2 hours) the reaction is stopped by adding trichloro- 
acetic acid and the amount of phosphoric acid split off is determined 
colorimetrically. The adenylic acid content of an unknown solu- 
tion is determined by comparison with the coenzyme activity 
(phosphoric acid split off) of known amounts of adenylic acid in 
a series of parallel determinations, yielding a standard curve. 


EXPERIMENTAL 


Enzyme Preparation—All enzymes required for Reactions I to 
[II are contained in dry muscle preparations, made according to 
Meyerhof (8). Rat or rabbit muscle is a suitable material for 
preparing the enzymes. Muscle tissue of the hind legs is taken 
immediately after the animal is sacrificed, carefully minced, and 
extracted at low temperature (0—-2°), first with the same volume of 
0.6 per cent potassium chloride solution, centrifuged, and resus- 
pended in half the amount of potassium chloride solution. The 
mixture should be shaken vigorously each time for about 15 min- 
utes. The opalescent supernatant fluids are combined and di- 
alyzed at 0-2° in cellophane tubing against running distilled water, 
or a large volume of distilled water, which should be replaced 
several times. Mechanical stirring and addition of a few drops 
of toluene are advisable. Under these conditions 36 to 48 hours 
of dialysis were found to be sufficient to remove most of the ade- 
nylic acid. The contents of the cellophane tubing are centrifuged 
to remove inactive precipitate. The clear solution is precipitated 
with 10 volumes of cooled acetone. The precipitate is collected 
by centrifugation, washed with acetone, and dried in vacuo. The 
preparations thus obtained are active for months if stored in a 
desiccator. 

For the experiment the very finely pulverized, dry muscle prepa- 
ration is extracted with disodium barbital buffer (9) and to the 
extract the necessary amount of magnesium salt is added. For 
each ml. of enzyme solution 30 mg. of dry muscle preparation are 
taken up in 0.9 ml. of barbital buffer (5.54 ml. of 0.1 m disodium 
parbital + 4.46 ml. of 0.1 N HCl; pH 7.2) and 0.1 ml. of 0.1 
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m MgSO, The mixture is stirred and shaken for about 1 hour 
at 0°, or half an hour at room temperature, centrifuged, and fur- 
ther clarified by filtration. 

Phosphoglyceric Acid—d(—)-3-Phosphoglyceric acid is easily 
obtained from fluoride-treated fermentation mixtures prepared 
according to Neuberg and coworkers (10). Glucose was used as 
a substrate instead of hexose diphosphate, since the latter is not 
a commercial product. 

For the experiment the barium salt is treated with sodium sulfate 
to remove barium. For each ml. of solution 15 mg. of barium 
salt are treated with 0.45 ml. of 0.1 M Na,SO, solution + 0.35 ml. 
of 0.1 n NaOH + 0.2 ml. of H,O. After shaking for 4 hour 
BaSQ, is removed by centrifugation. 

Composition of Samples—The reaction mixture consists of 0.5 
ml. of phosphoglyceric acid solution, 0.5 ml. of enzyme solution, 
adenylic acid solution, or the sample to be examined, and water to 
a total volume of 2.0 ml. Small centrifuge tubes or test-tubes 
are suitable. After 2 hours incubation at 30°, the reaction is 
stopped by addition of 3.0 ml. of 10 per cent trichloroacetic acid. 
After the mixture has stood for a short time in the cold, the pro- 
tein precipitate is centrifuged off, and in an aliquot of the clear 
solution (1.0 ml.) free phosphate is determined by the Fiske and 
Subbarow method (11), with a photoelectric colorimeter. For 
comparison of the activating effect of the adenylic acid standard 
samples with that of the unknown solutions, the result is expressed 
in micrograms of P split off, per cent P split off, or simply as a gal- 
vanometer reading of the P determination. 

Coenzyme—The adenosine-5’-monophosphoric acid used in these 
experiments was prepared from yeast (12) and was recrystallized 
repeatedly. Adenosine triphosphoric acid was obtained from 
rabbit muscle (13). The ratio of readily hydrolyzable phosphate 
to total phosphate was 1.8:3 (theoretical 2:3). The exact deter- 
mination of the concentration of the coenzyme solutions in the 
experiment represented by Fig. 1 was carried out by determination 
of pentose according to the method of Bial as modified by Mej- 
baum (14). 

As can be seen from Fig. 1, adenosine triphosphate causes a 
somewhat higher dephosphorylation effect. The difference in 
comparison to adenylic acid corresponds approximately to the 
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amount of phosphoric acid required by the phosphorylation of 
adenylic acid to adenosine triphosphate (Reaction I). Since 
adenylic acid in aqueous solution is stable for a long time, if stored 
in the cold, its use for the comparison standard is recommended. 
It is unnecessary to neutralize the small amounts of coenzyme 
(10 to 100 y), but it is important that the solutions to be examined 
should be adjusted to a correct pH value, since they frequently 
have a considerable buffering capacity. Furthermore, care should 
be taken that the salt concentration is low. Neutral salts in con- 
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Fig. 1. Activation of the enzymatic splitting of phosphopyruvie acid 
by adenosine-5’-monophosphoric acid (@) and adenosine-5’-triphosphoric 
acid (©). The composition of the samples is given in the text. 


centrations higher than 0.05 m have an inhibitory effect. Absence 
of free phosphate must be ascertained; otherwise a correction of 
the result obtained has to be made. 

Mg*t* and Mn** As Activator—As Lohmann and Meyerhof 
have stated, Mg** is an essential activator of the phosphopyruvate 
dephosphorylating system (5). The influence of different amounts 
of Mg** on the reaction is apparent from Table I. Mn++ can 
replace Mgt* as activator. However, far greater amounts are 
required to obtain the maximum activation than are found in any 
animal tissues. 

Influence of pH—The pH-activity curve is shown in Fig. 2. 
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The different pH values were obtained by barbital buffer solutions 
according to Michaelis (9). For the experiments in acid medium 


TABLE | 
Activation of Enzymatic Splitting of Phosphopyruvic Acid by Mg** and Mn** 

















, Coenzyme ; 
Experiment Activator (cicasphorie |  P aplitof 
acid) 
Y Y 
1 1.5 
2 10 y Mg** 12.5 
3 Oy “ 24.0 
4 1407 * 27.0 
5 25 4.0 
6 107 Mgt 25 30.0 
7 50 v = 25 53.0 
s 1407 “* 25 57.0 
9 27 Mn** 25 25.0 
10 ly “ 25 59.0 
ll 100 7 * 25 74.5 
12 2y ‘* +1407 Mgt* 25 56.0 
13 ly “* +1407 “* 25 57.0 


The activator and coenzyme concentration are as given above in the 
complete sample (2.0 ml.). 





} 
} 


—~ 
S 
| 
\ 
4 
4 
l 


3 
| 
“a 
1 


yP split off -- 
an 
S 
i 
J 
j 


ry 








lL | 1 
pH > 6 7 g 





Fic. 2. pH-activity curve. The composition of the samples is given in 
the text. 


the phosphoglyceric acid solution was only partially neutralized. 
The pH values as given in Fig. 2 are those of the complete sys- 
tem. The standard proportions were used, but the dry muscle 
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preparation was extracted with water and the buffer solutions 
added separately. 25 y of adenylic acid as coenzyme and 120 
y of Mg** as activator were added in each experiment. 

Incubation Time—Fig. 3 shows the influence of the incubation 
time on the rate of dephosphorylation. 2 hours were found to be 
a suitable incubation time, since it provides a splitting of phos- 
phopyruvate to such an extent that the effect of varied amounts of 
adenylic acid is distinct. A longer incubation period would cause 
a liberation of adenylic acid from labile nucleotides, as for example 
flavin-adenine dinucleotide and codehydrase I (4). 
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Fia.3. Influence of the incubation time on the rate of dephosphorylation. 
The experimental conditions are given in the text. Curve I, blank experi- 
ment; Curve II, 20 y of adenylie acid per sample; Curve III, 50 y of ade- 
nylic acid per sample; Curve IV, 100 y of adenylic acid per sample. 


Blank Effect—The enzyme preparations as a rule split phos- 
phopyruvic acid to some extent without the addition of adenylic 
acid. This effect is probably due to the adenylic acid which has 
not been removed from the enzyme by the dialysis. Therefore, 
in each series a blank experiment should be made in order to ob- 
tain a correction. Depending on the nature of the enzyme prepa- 
ration, the blank values range between 30 and 100 y of P. For 
the calculation a curve is drawn from the corrected values. 

That the effect in the blank experiment is caused by adenylic 
acid present in the enzyme preparations is evident from the fact 
that a heat extract of enzyme, used as a coenzyme in the test sys- 
tem, activates the reaction in the expected magnitude. Deter- 





318 Adenosine-5’-Phosphorie Acid 


minations of phosphate and of pentose (14) in the extracts from 
dry muscle preparations corroborate this suggestion. The residues 


TABLE II 


Specificity of Adenosine-5'-Phosphoric Acid As Coenzyme of 
Dephosphorylation of Phosphopyruvic Acid 














Experi- | | Adenosine. 
ment Coenzyme P split off | 5’-phos- 
No. | phoric acid 

| recovered 
| 7 per cent 
ieee 65 
2 10 y adenosine-5’-phosphoric acid 9 | 
3 | By £9 i | ee I 
4 | 50y - = |} 148 | 
5 100 5 > | 185 | 
| | 
6 100 y adenosine-3’-phosphoric ‘ 63 
7 | 3007 - ¥ 68 | 
S 25 y adenosine-5’-phosphoric “ + 100 ¥ 117) — |S 104 
adenosine-3’-phosphoric acid 
9 25 y adenosine-5’-phosphorie acid + 300 y ade- 119 =| ~~ 108 
| nosine-3’-phosphoric acid 
| 
10 30 y adenosine 72 
| 1504 72 
12 | 80 y adenosine-5'-phosphoric acid + 30 7 ade- 178 105 
nosine 
13 50 7 adenosine-5’-phosphoric acid + 75 7 ade 152 105 
nosine 
14 30 y inosinic acid 69 
15 | 9y . ? 69 
16 | 3007 60 
17 50 y adenosine-5'-phosphoriec acid + 150 4 141 92 
inosinic acid 
18 20 y adenosine-5’-phosphorie acid + 240 4 108 95 


inosinie acid 


of adenylic acid cannot be removed from the muscle preparations 
by extended dialysis without loss of enzymatic activity. It is 
possible that this part of adenosine-5’-phosphoric acid is bound in 
a more stable linkage to the protein. 
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Results 


Coenzyme Specificity and Influence of Related Compounds— 
Adenosine, adenosine-3’-phosphorie acid, and inosinic acid can- 
not replace the adenosine-5’-phosphoric acids as coenzyme (Table 
II). In additional experiments it was tested whether and in what 
magnitude these compounds have an influence on the coenzyme 
activity of adenosine-5’-phosphoric acid. Experiments 8, 9, 12, 
and 13 show that adenosine-3’-phosphoric acid and adenosine 
seem to have a slight activating effect upon adenosine-5’-phos- 
phoric acid, whereas inosinic acid has some inhibitory effect 
(Experiments 17 and 18). 

The results of these experiments are in agreement with the me 
vious knowledge concerning the specificity of adenosine-5’-phos- 
phoric acid and its homologues in this reaction. 

Some Examples for Use of Method—The principle of this method 
was valuable in the examination of cozymase preparations previ- 
ous to the elaboration of the regular test system described above. 
Pure cozymase does not act as a coenzyme of the splitting of phos- 
phoglyceric acid (Table III, Experiments 6 to 8), whereas crude 
preparations contain notable amounts of adenosine-5’-phosphoric 
acids and therefore have some activity (Experiments 11, 12). 
Hydrolysis of cozymase in alkaline solution yields large quantities 
of adenosine-5’-phosphoric acid (Experiments 13, 14). 

The examination of cozymase preparations for contamination by 
adenylic acid is one of the most important criteria in stating the 
degree of purity. 

As was mentioned previously (15), adenylic acid is obtained not 
only by alkaline hydrolysis but also by acid hydrolysis of cozymase. 
The method herein described has now made it possible to deter- 
mine the yield of adenylic acid by acid hydrolysis. 

As can be seen from Table IV, very little adenosine-5’-phos- 
phoric acid is formed by hydrolysis of cozymase in 0.1 nN HCl, 
since adenine is split off almost as fast as the adenylic acid is formed. 

Another application of the method was the examination of 
desaminocozymase. This cozymase derivative (16) contains, be- 
sides nicotinamide, hypoxanthine as a base, or inosinic acid in- 
stead of adenylic acid. There is some interest in the possibility 
of substituting desaminocozymase for cozymase as the vitamin, 
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TaBLe III 


Examination of Cozymase Preparations for Contamination by 
Adenosine-5'-Phosphoric Acid 

















‘. 
“a Coenzyme P Lo | Note 
No. 
7 | yer 
1 36 
2 | 10yadenosine-5’-phosphoric | 95 
acid 
3 | 25y adenosine-5’-phosphoric| 127 
acid 
_4 | 50-y adenosine-5’-phosphoric| 156 | 
acid 
5 | 100 y adenosine-5’-phos-| 197 | 
phoric acid | | 
6 | 100 y cozymase (A) | 44 | <1% adenosine-5’-phosphorie 
| | acid 
7 | 3007 7 Z | 47 | <1% adenosine-5’-phosphoric 
acid 
8 | 10007 = = 72 | <1% adenosine-5’-phosphoric 
acid 
9 | 25y adenosine-5’-phosphoric | 129 | 102% adenosine-5’-phosphorie 
| acid + 1007 cozymase (A) acid recovered 
10 | 50 adenosine-5’-phosphoric | 162 | 105% adenosine-5’-phosphoric 
| acid + 250 cozymase (A) acid recovered 
ll | 100 + cozymase (B) 107 | Adenosine-5’-phosphoric acid 
content found, 15% 
12 | 250 y 131 | Adenosine-5’-phosphoric acid 
content found, 11% 
13 | 100 (A) hydro- | 128 | Adenosine-5’-phosphoric acid 
| lyzed with alkali* formed, 26% 
14 | 300 y cozymase (A) hydro- | 199 | Adenosine-5’-phosphoric acid 


lyzed with alkali* 


formed, 30% 


Cozymase (A), highest purity; (B), a crude product of about 75 per cent 


cozymase activity. 
* 5.0 mg. of cozymase were dissolved in 0.5 ml. of H,O, 0.5 ml. of 0.1.N 
NaOH was added, and the solution heated for 5 minutes in a boiling water 


bath. 


ml. were added. 


After cooling 0.5 ml 


of 0.1 N H,SO, and water to a volume of 5.0 
Of this solution 0.1 and 0.3 ml. were used for the adeno- 


sine-5’-phosphoric acid determination (Experiments 13 and !4) 
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TaBLe IV 
Formation of Adenosine-5'-Phosphoric Acid from Cozymase by Hydrolysis 
in 0.1 N Acid 








Time of hydrolysis Yield of adenosine-5’-phosphoric acid 
a Me | poems 

0 2 

5 4 
10 6 
15 7 
20 7 
30 5 
60 3 


17.2 mg. of cozymase were dissolved in 10.0 ml. of 0.1 N H,SO,. Of this 
solution samples of 1.0 ml. each were heated in sealed tubes for different 
times. After cooling they were neutralized with 1.0 ml. of 0.1 N NaOH 
and water was added to a volume of 5.0 ml. Of this solution 1.0 ml. (cor- 
responding to 344 y of cozymase) was used for the adenylic acid deter- 
mination. Quantitative splitting into adenylic acid would give 52.3 


per cent. 
TABLE V 
Examination of Desaminocozymase 
org Coenzyme | P — | Note 
No. | 
SS ee ————— - 
| e | 
} } 
1 | | 44 
2 | 10 y adenosine-5’-phos | 64 
phorie acid 
3 | 25 y adenosine-5’-phos- 87 
phoric acid 
4 | 50 y adenosine-5’-phos- | 116 
phorie acid | 
5 | 100 y adenosine-5’-phos- | 147 
phorice acid 
6 | 250 y desaminocozymase 43 
7 1250 4 a, 42 
8 | 2504 “¢ hy- 46 | <1% adenosine-5’-phosphoric 
drolyzed by alkali* acid 
9 12507 desaminocozymase, 51  <1% adenosine-5’-phosphoric 
hydrolyzed by alkali* acid 


10 | 20 y adenosine-5’-phosphoric 84 | 23 y adenylic acid recovered 
acid + 1000 y desamino- 
cozymase 


— — — a 


* Alkaline hydrolysis of desaminocozymase was carried out as follows: 
6.25 mg. of substance were dissolved in 1.0 ml. of 0.05 n NaOH, heated for 
5 minutes in a boiling water bath, cooled, and neutralized with 1.0 ml. of 
0.05 n HCl. Water was added to a volume of 5.0 ml. 
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since the latter has some undesirable properties due to its adenylic 
acid content (17). _Desaminocozymase is prepared from cozymase 
by treatment with nitrous acid. The completeness of the de- 
amination was tested by alkaline hydrolysis of the preparations 
and examination by the adenylic acid test method (Table V), 

Whereas cozymase yields adenylic acid by alkaline hydrolysis 
(Experiments 13, 14, Table III), desaminocozymase vields inosinie 
acid, which is inactive. 

Further work is in progress on the adaptation of the method of 
the determination of adenylic acid in blood and tissues. 


SUMMARY 


1. A method for the determination of small amounts of adeno- 
sine-5’-phosphoric acid and its homologues is described. This 
method is based on the coenzyme properties of these compounds 
in the enzymatic splitting of phosphopyruvic acid. 

2. Some examples of the specificity of the method and of its 
application in nucleotide chemistry are described. 
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LETTERS TO THE EDITORS 





A MODIFICATION OF THE SNELL AND STRONG 
MICROBIOLOGICAL METHOD FOR 
DETERMINING RIBOFLAVIN 

Sirs: 

In determining the riboflavin content of foodstuffs we have 
obtained excellent agreement between the Snell and Strong! 
microbiological method and the Hodson and Norris? fluorometric 
method except in the case of wheat products. When we attempted 
to analyze flour and flour enriched with riboflavin, higher results 
were obtained by the Snell and Strong procedure, in some cases 
amounting to 200 to 300 per cent recovery of the added riboflavin. 
Since flour contains a large quantity of starch, it occurred to us 
that the lactic acid-stimulating substance might be present in 
the starch and that it could be destroyed by enzymatic hydrolysis 
with taka-diastase. 

Hence suitable samples of wheat products were autoclaved 
in 250 ml. of 0.1 N HCl for 15 minutes at 15 pounds pressure. 
After the material was cooled to 50°, the pH was adjusted to 4 to 
15 with NaOH and 1 gm. of taka-diastase was added. The 
mixture was incubated overnight at 50° in order to hydrolyze the 
starch completely and then autoclaved for 5 minutes at 15 pounds 
pressure to inactivate the taka-diastase. After the mixture was 
cooled to room temperature, the pH was adjusted to 6.6 to 6.8. 
The mixture was then made to a volume of 500 ml. and stirred 
ina Waring blendor until a homogeneous suspension was obtained. 
Finally, suitable aliquots were transferred to the assay tubes and 
the remainder of the determination conducted in accordance with 
the Snell and Strong! procedure. The results of this study are 
presented in the accompanying table. 

It is evident from the results obtained in these studies that 
starch, or some unknown substance in it, stimulates the production 


’ 
‘Snell, E. E., and Strong, F. M., Ind. and Eng. Chem., Anal. Ed., 11, 


346 (1939). 
Hodson, A. Z., and Norris, L. C., J. Biol. Chem., 181, 621 (1939). 
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Method 
| Taka- | 
Material Snell- | diastase Hodson- 
Strong modifi- | Norris 
micro- cation | fluoro- 
biological of micro- metric 
| biological 
— | — _ 
y per gm. | y per gm. Y per gm. 
Patent flour 0.525 
- + 3.675 y riboflavin per gm 9.55 | 4.10 4.30 
Bread from same flour | 6.25 | 4.30 4.05 
Whole wheat flour* 1.73 1.32 1.29 
Red dog flour 4.45 | 2.65 2.80 
Starch + 0.175 y riboflavin per gm. | 0.21 | 0.175 0.175 


* These results by Gillis, M. B., and Hill, F. W., Cornell University. 


of lactic acid by Lactobacillus casei. In determination of the 
riboflavin content of foodstuffs containing starch, the lactic acid- 
stimulating properties can be destroyed by enzymatic hydrolysis 
with taka-diastase. 

G. L. F. Laboratories M. L. Scor1 


Buffalo F.E. RANDALL 
F. H. Hessen 


Received for publication, August 15, 1941 








THE LIVER CATALASE ACTIVITY OF TUMOR-BEARING 
RATS AND THE EFFECT OF EXTIRPATION 
OF THE TUMORS 
Sirs: 

We have shown! that the liver catalase activity of rats carrying 
the subcutaneously implanted hepatic tumor No. 31? was about 
one-tenth that of the livers of normal rats. In order to determine 
whether this lowering of liver catalase activity was directly due 
to the presence of the transplanted tumor, the latter was com- 
pletely excised from a number of animals under ether anesthesia. 
About half the number of these animals was sacrificed at intervals 
and the liver catalase activity determined. The remainder of the 
animals, 48 hours after operation, were reinoculated subcutane- 
ously with fresh tumor material, and the second tumor allowed to 
grow for 4 weeks. The liver catalase at this point was determined 
on a few animals, and from the remainder the tumors were again 
excised. The latter animals were sacrificed at intervals following 
this second operation and the liver catalase activity determined. 
The data are given in the accompanying table. The method of 
determining the catalase activity has been described.' Included 
in the table are data on regenerating rat livers. 

The data reveal (a) that the lowered liver catalase activity of 
tumor-bearing rats is attributable to the presence of the tumor, 
(b) that this effect is apparently reversible, and (c) that liver 
regenerating in animals carrying the tumor behaves like non- 
regenerating liver under the same circumstances. 

Further experiments have shown that fasting has no apparent 
effect on the liver catalase activity of either normal or tumor- 
bearing rats. 


' Greenstein, J. P., Jenrette, W. V., and White, J., J. Nat. Cancer Inst., 
2, in press (1941). 

* Greenstein, J. P., Jenrette, W. V., Mider, G. B., and White, J., J. Nat. 
Cancer Inst., 1, 687 (1941). 
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Rat Liver Catalase Activity 
The tissue extracts contained 0.6 mg. of N per cc. 





Tissue 


— 


| 


. Normal rat liver 

. Regenerating liver in normal | 
rats 

. Livers of rats carrying trans- | 
planted hepatic tumor No. | 
31 

. Livers of rats from which 
transplanted tumors were 
removed 





5. Rats described under (4) in- 
oculated with fresh tumor 
tissue 

}. Rats described under (5) from 
which second tumor was 
removed 

. Regenerating liver in animals 
carrying transplanted he- 
patie tumors 4 wks. old 





. Rats described under (7) from 
which tumors were removed | 


Remarks* 





| * 


Animals 5 wks. to 1 yr. old 
ee 5 i ce 1 ce ce 


Tumors 4 wks. old; host rats 
9-10 wks. old 


24 hrs. after operation 

48 te “ce ai 

ie - - 

6 ce ae ae 

168 i ce ce 

Second tumors 4 wks. old; host 
rats about 14 wks. old 


24 hrs. after operation 

48 te te ie 

72 ‘i ae ‘é 

removal of lobes 
48 ie ey ei sé “e 


72 “ és “< és 


| 24 hrs. after removal of tumor, 6 


days after removal of lobes 
48 hrs. after removal of tumor, 

7 days after removal of lobes 
72 hrs. after removal of tumor, 

8 days after removal of lobes 


* Age of tumor refers to the time elapsed since implantation. 


National Cancer Institute 
National Institute of Health 
Bethesda, Maryland 


Jesse P. GREENSTEIN 
WENDELL V. JENRETTE 
Jutivus WHITE 


Received for publication, September 10, 1941 
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